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PREFACE

This report .,,resentsanalytical modelsof the various fluid dynamic and thermodynamic

processesinvolved in turbine blade erosion. The general categories of processesexamined

are: (1) condensation, (2) bulk and boundary layer flows and deposition oF condensateand

(3) atomization and subsequenttrajectories of damaging liquid.

By use of the analytical modelsselected, two wet vapor turbines are ex_:,'ined, and

the resultsof the calculations are reported. The turbines investigated are _nalytlcal slmu-

J lations of: (1) the low pressuresteam turbine of the Yankee Atomic Power Plant and (2) the

j General Electric two-stage potassiumtest turbine of Contract NAS 5-1143. Theestimated

| results are in qualitative agreement with experimental observations. Availab!e quantitative

experimental data is too sparseto allow definite conclusionsto be drawn. The processmodelsselected appear to be adequate for at least order of magnitude turbine erosion estimation

j usageand provide a basisfor further refinement.

!
!
!
!
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.,_. PARTA

.:_:

INTRODUCTION

_ Volume I containsa listing of the various processesinvolved in erosionon the leading

edge _nd noseof rotor bladesof wet vapor turbines when they are operated for protracted

periodsat design conditions. In broad terms, the overall model consistsof: (1) Condensation

in the bulk vapor by spontaneousnucleation followed by near equilibrium accretion of moisture

on the nuclei. (The ultimate size of the condensateparticles is less than 1 micron in diameter.)

(2) Deposition of a small percentage of the condsnsate flowing paston blade surfaces(which

is the moisture causing erosiondamage). (3) Detachmentand atomization of the collected

condensatefrom the stator vanes in the form of drops which are large by condensatestandards

(20 - 400 micronsdiame_er). (4) Acceleration of thesedrops to velocities substantially below

the bulk streamvapor velocity in the spacing available bet_'een stator and rotor. (5) Impinge-

ment of the dropson the rotor blade surfacesat the noseand convex leading edge with sub-

stantial componentsof velocity normal to the blade surfaces. (6) Material removal after

repeated impacts.

Models of the detail fluid dynamic and thermodynamic processesirvolved in an

overall synthesisof an analytical model of turbine blade erosionare presented in this volume.

Thesedetail processeshave 0een investigated numerically for turbines simulating the low

pressuresteamturbine of the Yankee Atomic Power Plant and the General Electric two-stage

potassiumtest turbine of Contract NAS 5-1143. Thevarious processesinvolved are discussed

and the resultspresentedin the approximate chronological order in which they occur in a

turbine. The processescovered are: (1) condensation by spontaneousnucleation, (2) con-

densationbyaccretion on nuclei, (3) row by mw one-dimensionaland axisymmetrlc bulk flow,

(4) two-dimenslonal aspectsof vapor boundary layers and blade wakes, (5) collection of

condensatemoistureon blade surfaces, (6) movementof collected moistureover the blod,a

surfaces, (7) detachment, primary and secondaryatomization and acceleration of detached

liquid and (8) impingementvelocities on rotor blades.

I1-1
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Comparison of the calculational results with the generally sparseexperimental data

available indicate qualitative agreement with the models selected. However, in most instances,

the data is not sufficient to allow definite quantitative comparisons to be drawn and many of

the detail process models are controversial. In some instances, from the point of view of the

overal I erosion model, these controversies can be regarded as arguments between special ists,

but not, unfortunately, in all cases.

In the area of condensation theory there is disagreement as to the changes required

in applying steam condensation theory to associating vapors such as potassium. In the use

here only those changes resulting from the grossthermodynamics of the association were

factored into the theory, and further investigation of the model is necessary. The treatment

of the condensed molsture carried over from upstream equipment as it enters the turbine is

another area of uncertainty. It has been treated as _ supersaturation of the enterlng vapor.

This is probably a reasonable assumption for the nlne-stage steam turbine since the effect

"washes" out in a few rows. It is not such a good assumption in the two-stage potasslum

turbine.

The bulk vapor flow in the example turbines is partially described by cCnventional

one-dimensional state condition calculations assumingthermodynamicequilibrium condensation

of moisture. This is a goodapproximation in the nlne-stage steam turbine as near equilibrium

is achieved in the first few stages. It is a poorer approximation for the two-stage potassium

turbine as tt_.emolsture content in the two-stage turbine is probably not that of equillbrlum. It

is, however, probably adequate for the inputs required here for boundary layer wake flows

and two-dlmensional potential flow calculations.

The variation of the bulk flow from one-dlmensional conditions in the radial

direction and in the blade boundary layers (1) is treated in termsof 2 D calculatlonal methods

of many years standing. The standardproceduresdo not take into account the 3 D effects of

11-2
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secondary flows at turbine hue and tip. The errors involved are not great at blade midspan,

certainly, but ma) have a substantial influence on the local flows near the extremities of the

blades.

The treatment of the stator blade wakes is based on viscous dissipation assuming near

zero t_ailing edge thickness plus an ed hoc correction for finite thick.,esses of trailing edge.

Drop _ojectory calculations u_ing wakes so described agree reasonably well with available ex_erl-

mental observations in a steam cascade.

The moven,ent of m_isture on blade surfaces is given a simple but adequate viscous

flow treatment, since the resulrs do not enter directly, in a numerical sense,into the erosion

calculations.

The relative importance of the various mechanisms of collection of the condensate

particles on turbine surfaces is a technical area of substantial dlsl_.,te. Gyarmathy, (2)

believes thor a direct in:r_ection mechanism such as that associated with raindrops on aircraft

accounts for most of the deposition. Whereas, Gardner _3) concludes that the condensate

particles are too small for this mechanism to function effectively and that the predominant

causesof condensate particle deposiFon are Brownion Motion and eddy diffusion in the

boundary layers. The direct impaction model has been used here. Even so, the impaction

calculations of Gyarmathy cannot be reconciled with those of Brun et al (4). While further

analytical work is indicated, it is probable thai the differences can only be resolved fully

by well planned and conducted experiments. With condensate particles of .2 -4'- .4_ the

various calculatlonal methods give orders of mag_:tude differences in numerical results.

On atomization of damaging liquids from stator vanes the experimental observations

have, to date, been confined to interesting details of the processesrather than to an overall

summation of the results of the processes in terms of drop distributions. Becauseof this, the

proposed model of atomization can only be said to be in qualitative agreement w_th experi-
mental observations.

11-3
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B. CONDENSATION

R. E. Kothmann

1.0 SUMMARY AND CONCLUSIONS

The processof vapor condensation in turbines has been described by an analytical

model. This model hcs been used to obtain the flow performance and droplet size distributions

in Ihe Yankee Atomic P!ant steam turbine and in the General Electric two-stage potassium

test turbine of Contract NAS 5-1143.

The present analysis follows the same general method of solution which was first

descried by Oswatitlsh (1). The basic method is to describe the condensing flow by the one-

,_mensional energy, momentum, and continuity equations including the effects of condensation.

The flow was assumed to be one-dimensional and to be uniform over the flow area. Thus the

calculations give only mean diamete: results.

Since the exact form of the moisture at the inlet to the turbines was unknown, it was

assumedthat the vapor was in a supersaturated state for both lhe steam and potassium turbines.

For the steam turbine, the steam remained supersaturated throughout .he first stator•

The Wilson point or the start of rapid condensation was reached in the first rotor at 2.18%

theoretical moisture. This point was reached in a region of low expansion rate P of approxi-

mately 345/sec which accounts for the relatively large diameter of the resulting droplets. Even

with the slow expansion rate, the droplet size distribution was practically uniform. The mean

droplet diameter at the exit from the eighth rotor was 0.7i microns.

For the potassium turbine the vapor also remained supersaturated throughout the first

stator. The Wilson point was reached in the first rotor at 3.72% theoretical moisture. The

expansion rate P at the Wilson point was 3000/sec and thus relatively small drops were pro-

duced. At the entrance to the second stator the mean drop diameter was 0.24 microns. The

flow velocities and pressure ratios obtained with the condensation program did not ogree well

with equilibrium calcL.:,,flons due to the different expansion characteristics of a supersaturated

vapor. The condensation results for both steam and potassiumagree reasonably well with other

11-4
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authors' theoretical calculations!2)Upto the presenttlme e no condensationdroplet size

measurementshave been made in turbines. Nozzle condensationexperimer.tswith steamhave

been well correlated by Oswatltish's method. However, nozzle experiments for potassiumhave

not yet been reported in which the condensationpoint wasdefinitely determined. Predictions

are that condensationwould occur in the convergent section for initially saturatedvapor. In

this case, no condensationshock would be presentand detection of the condensation point

would be difficult.

The condensationresultsdependstrongly on the value of surface tension. For the

potassiumturbine a 20% decrease in surface tensionshifted the Wilson point from 3.72% to

2.5% theoretical moisture. An increase in surface tension would tend to delay condensation.

Further uncertainties regardingsurface tension are its radial dependenceand the effect of this

radial dependenceon the nucleation rate. It is not clear whether the concept of surface tension

remainsvalid when applied to clustersof 10 to 100 molecules.

It is believed that the association of liquid metal vapors plays an important role in the

nucleation process. Conflicting theoretical predictionsexist in the literature concerning its

effect on the nucleation rate. The present calculations neglected any effects of association.

The following conclusionshave been reachedconcerning the condensationprocessin

turbines.

The degree of supersaturationat which condensationoccursand the resultant size of

droplets are strongly dependent 'spanthe expansionrate at which condensationoccurs. When

the Wilson point occurs in a region of low expansionrate_ condensationoccurs at smaller

supersaturationsand larger dropsare produced. It is believed by Gyarmathy(2) that it racybe

passibleto control condensationand to a large extent erosionby shifting the operating condi-

tions suchthat condensationoccursat nigh expansionrates so that smaller droplets are produced.

Thedroplet size is very nearly uniform for both steamand potassium. Lessthan 1/2%

of all droplets formedby nucleation have diameterswhich exceed the meandiameter by lore

than 35°/0.

11-5
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For the Yankee turbine the carryover moisture* is likely to have a significant effect

on the nucleation process. If the mean diameter of the carryover moisture is less than 2 microns,

adequate surface area would be available for all additional condensation. Larger sizes would

have insufficient area so that additional nucleation would occur. Since the carryover size is

probably larger than 2IS, additional nucleation would occur but at a later stage than for the

case of supersa_'Jratedinlet steam.

There is a definite need for complete nozzle condensationexperiments with liquid metals

so that results of theoretical calculations can be compared. Further theoret'cal work should be

continued in an effort to quantitatively determine the effects of association using the theory of

Katz, Saltsburgand Reiss(3).

2.0 NOMENCLATURE

Symbol Defir, itlon Units

A Crosssectional area normal to flow ft 2

A Crosssectional area normal to turbine axis ft2
a

_" Parameter, see equation 34 tt

a/ Empirical constant

B Parameter, see equation 41 ft2

c Jet velocity relative to blade ft/sec

C Parametert see equation 42 ft -1

C Specific heat of vapor at constant pressure Btu/Ib°R
.%

C Specific heat of condensateat constant pressure Btu,Ab°R
PL

D1, Dll , Dlo Inner diameter of turbine blade passuge, inner diameter ft
at blade ,ow inlet, at blade row exit

D2a D2i, D2o Outer diameter of turbine blade passage, outer diameter ft
at blade row inlet, at blade row exit

*Carryover moisture from the moistureseparator between high and low pressurestages.

11--6
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Symbol Defini tior, Units

F Friction force per unit volume Ib/ft 3

"_ Function, see equation 43 ft 2

g Gravitational ,constant . 32.2 ft/sec 2

h Heat transfer coefficient Btu/sec ft2 oRc

he_ Latent heat of vaporization Btu/Ib

hL Specific enthalpy of condensate Btu/ib

h Specific enthalpy of vapor Btu/Ibv

i Subscriptdenoting group of drops -

J Heat equivalent 778 ft-lb,/Btu

J Nucleation rate nuclei/sec ft3

k Thermal conductivity o_valx_r Btu/sec ft ORV

L Axial length of blade row ft

N Molecules per .'_ound Ib"1
O

N. Number of drops per pound in group i Ib"1
I

p Static pressure Ib/ft 2

Ps Saturation pressureat actual vapor temperature Ib/ft 2

I; Expansionrate, see equation 32 sec-:

R Speci fic gas constant ft-I b/I b°R

r Drop radius ft

r. Radiusof condensate drop of group i ft

rcrit Critical droplet radius ft

tb Blade thickness in peripheh_l dlrecvion ft

tbo Minimum blade thickness ft

tbm Maximum blade thickness ft

tbs Blade spacing in peripheral direction ft

11-7
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Symbol Deftnl tio n Unlts

TL Condensate temperature oR

TLC Critical point temperature OR

T Vapor temperature ORv
T Saturation temperature at the actual vapor pressure ORs

AT Supercooling OR

Ua, Ua Axial velocity component ft/sec

v Specific volume of mixture ft3/Ibm

v Specific volume of vapor ft3/Ibv

w Weight of critical size drop Ib
r

x Vapor quality

y Total moisture fraction

Ye EquilibriL;mmoisture fraction

Yi Moisture fraction of condensate belonging to group i -

Yw Moisture fraction associatedwith formation of critical
size drops

Ay Moisture deficiency

z Axial coordinate, along turbine axis ft

Blade angle radians

_i Blade angle at inlet to row radians

_/p Polytropic efficiency

"), Ratio of specific heat, at constant pressureto that -
of constantvolume

_o Blade angle at exit from row rad|ans

Logarithnic supersaturation

Kinematlc viscosity ft2/secvv

P[. Density of condensate Ib/f_'.3

_rL Surfa;e tension of condensate Ib/ft

_r0o Surface tension of flat film of conden_te Ib/ft

11-8
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3.0 INTRODUCTION

The form of moisture present in a turbine is more important to the erosion process than

tile overall quantity of molshJre. In particular, moisture present in the form of tiny droplets

ent.-ained in the flow is far less damaging than the samequantity of water in the form of large

drops. In order to describe the condensate behavior it is necessaryto consider the deta;Is of

the condensation processin which the moisture is formed. The goal of the condensation study

is to determine the size and number distribution of condensate droplet_ formed in a turbine as

a function of axial position. This information is required as a starting point for predicting the

distribution of moisture in its various formsin the turbine.

A large numbercf experimental and theoretical condensationstudieshave been reported

n (S)and excellent reviews are given by Stever(4) and by Court ey . Condensation theory i_s

been applied to condensing flow in nozzles by Oswatltish (1), Glassman(6) and others (7)(2!

The present analysis foll_ _sthe same general method of solution which was first described by

Oswatltish(1) but using improvementsintroduced by Gyarmathy (2) and others. The basic method

is to describe the condensingflow by the one d_mensionalenergy, momentumand continuity

equations including the effects of condensation. The condensation processis descr!bed by the

rate of formation of droplets and their rate of growth. The rate of formation of condensation

nuclei in a supersaturated vat,or is predicted by nucleation theory. Ther:_odynamlcand heat

transfer principles are then applied to predict rate of growth.

Froma fundamental viewpoint condensation processescan be divided into nucleation,

growth, and agglomeration. Nucleation is defined as the formation of the smallest molecular

clusters or droplets of the new phasewhich are stabJe. Growth is the atom by atom addition

of new material onto the droplets,and agglomeration includes coalescence of two or more

particles and the collection on solid surfaces. The present section considers_ _ly the nucleation

and growth processes.

4.0 NUCLEATION AND GROWTH THEORY

The concept of a critical drop size which is in thermodyna.'nicequilibrium with a super-

saturated vapor is fundamental to all nucleation theory. This critical radius is given by the

Helmholtz equation (eq. 1):

11-9

1967005920-020



(_ Astff'nuclelrLaborltory

2 aL (l)
rcrlt oL R Tv

where __- =,_n (p/ps). (2)

TheequiJibriumdefinedby this relation is metastable;smallerdropstend to evaporate,

larger onestend to growby condensation. Wherea vapor becomessupersaturated,to obtain

the lowestenergystatethe vapor shouldcondense,butcondensationmuststartwith the forma-

tion of smalldropswhichare unstable. Assupersaturationis increased, the critical size de-

creasesandthe likelihood of survival increasesuntil at a certain supersaturation,appreciable

condensationinto a fog of dropletsoccL,rs.

Nucleation theoryis concernedwith predicting the net rate at which nuclei reach

critical size. Accordingto the classical theoryattributed to Frenkelt'8),'"the steadystaterate

of formationo_condensationnuclei per unit volumewithin _hebulk of a puresupersaturated

vapor is given by the followingequation:

2. N o 2g _rL N -167r e_ NJ _ o (3)

o ' o exp 2 (R Tv)3--A-2PL(R Tv)2 _ 3 p L

Althoughmanymodificationsof the classicaltheory havebeenderived to accountmore

preciselyfor additionaleffects,suchasvariation of surface:ensionwith radius, theabove

equationis usualGychosento descr;bethe nucleationrate. A timedelay maybe involved

before the nucleation reachesits steadyrate(9). If the time constantwereas largeas 10psac,

the locationof the condensationpoint in the turbinewouldonly be shiftedseveralhundredths

of an inch downstream Thusit is reasonableto neglect the transientnucleationeffects. One

of the mostquestionedlimitations of nucleationtheory involvessurfacetension. Theaccuracy

of surfacetens,onmeasurementsfor the liquid metalsis uncertaindue to the scatterin reported

data. Thesecondllmitati,_nconcernsthe application of the surfacetensionconceptto small
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clustersof molecules• In someinstancesthe critical nuclei contain o,_ly a few tens of mole-

cules and it is difficult to visualize sucha cluster as being a spherical droplet having surface
1)

• ;nsion correspondingto that of u flat sJrface. Head(10) and Tolman_1 d,._e:oped a correction

for surface tension of a curved surface of the form:

o"

- _ ,, (4_
°L I + _f/r L '

where 6 is a length lying between 0.25 and 0.6 of the molecular radi_:sin the liquid state.

There is still disagreementas to the radial dependence of s_rface tension and its effect on

nucleation rate(4). The presentcaJculations have included the variation of surface tension

with temperature only.

UntiJ the nuclei reach the critical size, they are considered ;o belong to the vapor

phase. The rate of increase in the numberof dropsper pound of mixture is .I and the rate
Vm#

of formation per pound per unit length in the axial direction is given by J Vm/U . Each dropa
has a weight g_venby:

4 3
w _ PL r (5)r = -_- crlt

The change of moisturefraction with respect to axial length due to the formation of new nuclei

is then given by:

dyN w J vr m
- • (6)dz u

a

Once the nuclei are formed, their growth rate is primarily governed by the rate at which

the latent heat can be transferred from the drops to _hesurroundingvapor. The mocleof heat

transfer from the drop to the vapor may differ depending on existing conditions. The mean iree

path in the vapor is considerably larger than the critical sized nuclei _o that during the early

growth of drops heat transfer is by free molecular processes. As size increases, the process
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passesthreugh the transition region and at large sizes normal gaseousconduction or convection

occurs. Gyarm_thy (2) usedthe following expression for the heat transfer coefficient which is

approximately valid for free molecular, transition, and continuumflow conditions:

k

h - v (7}c 2.38_
v

rL +

_g RTv

It is assumedthat the droplets are not ,.'nmotion relaHve to the flowing vapor.

An energy balance be._veen heat transferred and heat released by condensation gives

the change of radius as:

drL h.c (Tr - Tv)
- . (e)

dt P L hfg

The rate of change with axial position is obtained by dividing by the axial velocity, thus:

drL hc (Tr - Tv)
- (9)

dz PL hfg Ua "

At the critical size the droplet temperature is equal to the vapor temperature. As the

droplet grows, its temperature T mustremain somewhat lower than the saturation temperaturer

:orresponding to the local pressuredue to the effect of surface tension.

The subcooling due to the surface tension effect is termed "capillary supercooling" by

Gyarmathy a:ld is equal to the product of the supercooling and the ratio of the critical radius

to the droplet radius. Thus, the maximum temperature difference between the drop and the

vapor is a function of radius, namely:

rcrit
Tr-T v = (Ts-Tr) (I ) . (10)r
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Th_ assumptionis made that droplet growth is controlled solely by heat transfer limitations,

and that there is an adequate numberof molecular collisions with the drop to sgpply growth.

This would not be the case, for example, if water condensation in air were being considered.

In that case, diffusion of water molecules throughair to the droplet surface would be a definite

factor limiting growth rate. With heat transfer controlling the growth rate, it is assumedthat

the drop always has its maximumpermissible temperature which is given by equation 10. Then,

equations 9, 7 and 10 define the rate of change,of drop radius with axial position.

If the number of dropsformed during the increment AL. is N. and their radius is ri,! !

then the rate of increase of moisturefraction duc to growth of this group of drops is:

dYi 2 dr.I
dz - PL 4." r. N. • (11)I I dz

Then the total rate of increase of moisture fraction due to formation of new nuclu_ and growth

of existing nuclei is given by:

d__y_y_ dYN + _ dYl • (12)dz dz dz
all

groul_..

5.0 FLUID FLOW AND STATE EQUATIONS

It is assumedthat the flow of vapor through turbine nozzles and blades can be adequately

described by applying the one.-dimensionalform of the energy, momentumand continuity equa--

tions. It is assumedthat the flow is adiabatic and radial variations are neglected. The calcu-

lations thusapply to the mean stream tube. Following Gyarmathy (2), it is assumedthat friction

loss is proportional to the isentropic static enthalpy drop. e momentumequation for a stream

tube can be written as:

1 dc dp _c - v _ v F, (_3)
g dz m dz m
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where _; is the jet veloci_ and F is the friction force per unit volume of the flowing mixture.

The wo_ per Pound against friction iS Vm Fdz, which is _ken to be _/-(1- _p) dhs.,1, where

i

dh is the isentropic enthalpy change. Using dh = v dpt the momentumequation becomes:s s m

c dc dp .
- v (14)

g dz np m dz

The to_l energy equation relative to a coordi_.atesystemfixed on the blade is:

,(°2 )_ + x hv + y hL = 0. (15)

The continui_ equation is expressedby:

d v
1 dc 1 dA 1 m

+ -- - O. (16)c dz A dz v dz
m

The ideal gas law is used for the equation of s_te for the vapor_

p Vv = R T, (17)

and the specific volume of the mixture is

~ (18)V : X V "F y V = X V em v L v

where the volume occupied by the liquid is assumedto be negligible. The enthalpy change

of the liquid and vapor is described by:

d h d T

v - C v (19)
dz Pv dz
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dh dT
L v

-C (20)
dz PL dz

The variation of surface tension with temperature is accounted ior with the empirical

relation

[ TM]
_rL = const 1- • (21)/

The Clasius-Clapeyron relation is used to describe the variation of saturation pressureas a

function of temperature in the form:

, L%
,(nPs = a - RT '

V

where a/is an empirical constant for a particular substance. The Clasius-Clapeyron relation

also permits the supercooling AT to be expressedin termsof the supersaturation:

__,_T
V

&T =T -T =
J

hfg _ __- .
S V

R T
V

6.0 DESCRIPTION OF TURBINE GEOMETRY

The blade passagesare curved so that the flow continually changesdirection as it

proceedsthrough the turbine. Th= axial componentof the velocity u is related to the jeta

velocity c by:

u = c sin B, (22)a
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where /_ is the local blading angle measuredas shown below. The jet velocity is taken as

the velocity relative to the blade and the equations hold for both stator and rotor when radial

flow and Coriolis forces are neglected.

Y !

STATOR ROTOR

611131-50B

The blade shape is assumedto be parabolic which gives the variation in blade angle with axial

position as:

cot/3= cot Bi + (cot /_o-C°t /_i)_- (23)

and

.2
d/_ _ s,n _ (cot /3 - cot /_.). (24)dz L o ,

The crosssectional flow area normal to the axis is described by:

_r tb
A - 4 (D22 - D12)(I ) , (25)

a tbs
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which is the area of an annulus having inner and outer diameters D1 and D2 and the fraction

tb/tbs being taken up by the blade. The diameters D1 and D2 are taken to vary linearly with

axial position and the blade thickness is assumedto vary as a parabola.

_ z (26)D1 = Dll + (Dlo Dli)-- _-

z

D2 : D2i + (D2o - D2i)-_- (27)

./ 2z / 2tb = tbo + _k---_- - 1 (tbm - tbo) o (28)

In this case, z is the axial coordin_,te measuredfrom the leading edge o_ the blade and L is

the axial dimension of ."heblade.

Usingthe relation A = A sin /3, the continuity, energy, momentumand state equationsa

can ke in the following form for stepwlse integration:

(h g d,
x dz A dz cot _

1 dE \ Pv v a- (29)

p dz r gVmP ]
1- _ x(_' -1) + 2

L P "Y c

1 dUa d/3 gvm _Tp._ clp (30)
u dz - cot /3 dz 2 dz

a c

v _ 1 d._y_+ 1 1 a + a
_-- dz x dz "p- + A-- dz u dz " (31)

V a a
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Thus, at any axial position nucleation and growth theory permit one to calculate
dA

1 o
dy using equation 12. The turbine geometry description gives A (eq. 25) anddz dz

a
dE
dz (eq. 24). Then, equations 29, 30, 9 and 12 are solved numerically by a stepwlse

integraHon processto give pressure, velocity, temperature, droplet radii and moisture fraction.

(See Appendix 4 for a computer program.)

7.0 RESULTSFOR CONVERGENT-DIVERGENT NOZZLE

The results of a calculation in which superheated steam is expanded in a convergent-

divergent nozzle are shown in figures B-1 to B-4. The condensation doesnot occur until the

divergent section is reached, so only the divergent portion is shown. The nozzle had a _.onical

shapewith a length of 0.205 ft and an area ratio of 1.5. Superheated steamwith stagnation

temperature 280% and stagnation pressureof 22 psia was ussumedat the entrance to the convergent

section of _e nozzle. The area ratio, temperature and pressurevariations with length are shown

in figure B-1. The variation of nucleation rate is shown in figure B-2. The maximumvalue of

1021the nucleation rate was 1.8 x nuclei/ft 3 sec. The range of experimental values compared

by Glassman(6) varied from 1018 to 1024. The Wilson point correspondsto the peak of the

nucleation rate curve. The equilibrium moistureand calculated moisture fraction are shown

in figure B-3. It can be seen that the Wilson point occurs at 2_8% theoretical moisture. The

expansion rate for the nozzle which Gyarmathy describes by:

i_ _ Pl dtdP ; or approximately 104/sec (32)

The Wilson point occursat about 3% moi,_turefor P : 104. Thus, the resultsare in good

quantitative agreement with other authors' calculations. The total numberof droplets per

1017poundof mixture formed during the condensationprocesswas 1.89 x drops. At the end

of the nozzle the mean diameter of these dropswas 0.067 microns.The size variation of the

eight groupsof drops is shown in figure B-4. The numberof drops in each group is shown in

table B-1 along with the radius and moisture fraction at the nozzle exit.

11-18
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TABLE B-1

The Distribution of Number and Size of Drops at the Exit oF the Divergent
Portion of the Nozzle and the Moisture Fraction Associated with Each Size

Diameter Moisture

Gr._ouj? (microns) N umber/Ib Fraction

1 0.116 1.02 x 1012 0.000002

2 0.105 1.44 x 1013 0.00002

3 0.101 1.3 x 10TM 0.00015

4 0.094 8.36 x !0 TM 0.00077.

5 0.085 4.11 x 1015 0.00289

0.076 1.62 x 1016 0.00822

7 0.067 5.15 x 1016 0.01750

8 0.057 1.16 x 1017 0.02421

8.0 CONDENSATION RESULTSFOR YANKEE TURBINE

The computer program input dat _ to describe the Yankee turbine consisted of steam

properties, turbine tip diameter, hub diameter, mean blade angles, blade spacing and blode

thickness. The inlet steam was assumedto be supersaturated at 57.5 psia with 1% moisture

equivalent. First, an adiabatic frictionless processwas assumedwhich corresponds to a poly-

tropic efficiency 17 = 1.0.
P

The pressure, temperature, axial velocity, and moisture at the exit of the blade rows

are presented in table B-2. This table also shows mean diameter calculations which

are based on the equilibrium expansion mode. These calculations were performed at the Westing-

houseSteam Division. The results are not directly comparable due to the small difference in

inlet pressure. The resultsof the two methodscompare very well, except in the first stator,

where the assumedinlet supersaturationaffects the temperature. The calculations were

terminated at the end of the third stage. At this paint the flow very
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Figure B-1. Area, Temperatureand PressureRatios for the Divergent Portionof a Nozzle
with CondensingFlow
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FigureB-2. Nucleation Rate in D|vergentPortionof Nozzle
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Figure B-3. Moisture FracHon in Divergent Portion of Nozzle
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Figure B-4. Droplet Growth " the DivergentPortionof a Nozzle
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nearly approached equilibrium with a supercooling of c,nly 0.6°F. A hand ca]cul ._ionindicated

that sufficient droplet surface areo wasavailable for subsequentcondensation to proceed with

negligible supercooling.

During the expansion, the steam remained supersaturated throughout the first stator.

Condensation began in the first rotor. The Wilson point was reached at 70% of the axial

distance through the rotor and correspondedto 2.18% theoretical moisture. The total number

of dropsformed per pound of mixture was found to be 3.19 x 10TM. The number of these

drops in each size group is given in table B-3 and the droplet radii of each group are

presented in 'able B-4 at the exit of the blade rows. All droplets formed by the homogeneous

nucle:tlon are within a small size range by the time the third stage is reached, as can be

seen from table B-4. A;. the flow proceeds through the turbine, the spread between maximum

and minimumsized droplets decreases. This is explained by noting that they all have approxi-

mately the same lifetime and that smoller droplets tend to grow slightly faster than larger ones.

TABLE B-3

Distribution of Droplets Among the Various Groups in th,
Yankee Turbine, Each Group of Uniform Size. ResultsObtained

for Polytroplc Efficiency _p = 1.0.

Number

Group _drops/Ib) Percent of Total

1 7.20 x 1010 0.023

2 3.15 x 1011 0.099

3 i.10 x 1012 0.348

4 4.20 x 1012 1.32

5 1.54 x 1013 4.84

6 9.16 x 1013 28.8

7 2.06 x 10TM 64.5
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I ABLEB-4

Droplet Diametersin Micronsin EachSize Groupat the
Exit of the BladeRowsin the FirstThreeStagesof the Yankee Turbine.

(Resultsare for np= 1.0)

1stStator 1stRotor 2ridStator 2ndRotor 3rd Stator 3rd Rotor

1 - 0.58 0.64 0.67 0.69 0.71

2 - 0.54 0.61 0.63 0.65 0.68

3 - 0.51 0.58 0.61 0.63 0.65

4 - 0.47 0.55 0.58 0.60 0.61

5 - 0.44 0.51 0.54 0°57 0.59

6 - 0.38 0.46 0.49 0.52 0.54

7 - 0.33 0.41 0.45 0.47 0.49

Calculationsbasedon equilibriummoisturewere carriedout for tk,e remainingsix stages

in the turbine. Thesemeandropletsizesare presenledin table B-5.

In addition to the adiabatic frictionlesscase, calculat|onswere carried out for the

firststagewith an assumedpolytropicefficiency _ = 0.85. Thisresultedin a slightdelayP
of the Wilson point anda reductionof the expansionrr,_eat which the Wilson paint occurred.

Thedistributionamongthe relative sizeswasvery much llke that for the case ,1p= 1.0, and,
likewise, the size rangeisexpectedto be quite small. The total numberof dropletsgenerated

was1.98 x 10TMdropletsperpound. ""-I_.emeandropletsize basedon equilibriummoistureare

alsogiven in table B-4 for the case n -0.85.P
The resultsof the presentcalculationcan be comparedwith the theoreticalresultspre-

Meyer(Isented by Gyarmathy and 2). For the two casesdescribedby _ - 1.0 and np= 0.85,
the e×panslonrate at the Wilsonpoint wasI_ = 345/sec and 290/sec respectively. At a

pressureof approximately3 atmospheresandthe foregoingexpansionrates, Gyarmathyand

Meyers'(121esults"give 6.1 and 1013and4.5 x 1013droplets/lb. Thus, the
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TABLEB-5

Mean Droplet Diameter Basedon Equilibrium Moisture and Number
of DropsObtained from CondensationPer_"mance Programfor Yankee Turbine

. =1.0 '7 =0.85
P P

Mean Diameter Mean Diameter

_(microns) Imicrons)

!st Stator - -

1st Rotor - -

2ndStator - -

2ndRotor 0.470 0.568

3rd Stator 0.495 0.595

3rd Rotor 0.52 0.62

4th Stator 0.54 0.648

4th Rotor 0.56 0.67

5th Stator 0.58 0.695

5th Rotor 0.60 0.72

6th Stator 0.62 0.738

6th Rotor 0.635 0.757

7th Stator 0.65 0.785

7th Rotor 0.67 0.806

8th Stator 0.695 0.834

8th Rotor 0.71 0.853

9th Stator 0.73 0.877

9th Rotor 0._5 0.908

11-27

1967005920-038



Astronucle3rLaboratory

number of droplets per poundobtained by the present calculations is greater by factors of 5.2

and 4.4 .espectlvely as comparedto Gyarmathy. The mean radii would then be smaller by

factors of 1.73 and 1.64 respectively for the _%vocases.

Part of the disagreement is due to the t,resent methodof solution in which dropsare

not permitted to grow immediately upon being formed. This lag tends to overestimate the

numberof dropsformed. Additional factors causing di_greement may be differences in property

values such as surface tension which have a strongeffect on the nucleation rate.

9.0 EFFECTOF MOIS_'URE AT TURBINE IN_.ET

The complete Yankee Atomic turbine systemconsistsof high pressureturbines and Jaw

pressureturbines in series. The exhaustof the high pressureturbines contains 11% to 12% or more

moistureand is fed to a moisture separator in the line between the high and low pressureturbines.

Bymeasurement, the moisture fraction of the steam leaving the separator is about 1%. This

moisture fraction is then curried over into the inlet of the low pressu,-eturbines. The low pressure

turbine condensation calculations assumedthat this moisture was present in the supersaturated

state at the entrance to the turbine.

A simple model is proposedto obtain the probable effect on the condensationcalcula-

tions of assumingthat the 1% carryover is in the form of dropsof 2 micron and 0.8 micron

average diameter. If the carryover is in the form of 0.8 micron average diameter drops, these

dropswould provide adequate surface area for all subsequent.:ondensatlonwithout additional

nucleation. If the carryover dropsare as large as 2 microns in diameter, additional nucleation

would occur before the turbine exit.

To our knowledge, no accurate measurementsof these carryover drop sizes have been

made. Basedon the incomplete measurementsreported by Campbell-Murray in commentingon

a paper by Gardner(13), it seemslikely that on a we!ght percentage basis, these dropsare

from 5 to 10 microns in diameter, rather than from 1 to 2 microns. If this is the case, then

ignoring the carryover, except for its heat balance effect, is a reasonable procedure.

The following model can be usedto estimate the growth of cc,rryover droplets and the

extent of supercoolingas the steam flows through the turbine. Assumethat the overall equili-

brium expansion processis known and that the effects of supersaturationdo not substantially
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effect the steamvelocity or work done by the steam. Thus,we know Pneequilibrium moisture

at inlet andexit fromeach blade rowand the axial velocity. The droplet growthequationused

by Gyarmathy (12) is:

dr kv (Ts - Tv) (1 - r/rcrlt)(r4- (33)
_zz = PL Ua hfg

where:

= 2.38 Uv/ RgTv g . (34)

Usinga constantentha_pyprocessb_.tweensupersaturatedand equilibriumstatesasa means

of relating supercoolingto moisturedeficiency (the equilibriummoistureminusthe actual

moisture),oneobtains:

,_T = T -T - h_r'_ hfg
s v C (Ay) = C (Ye " y)" (35)

Pv Pv

Also, if it is assumedthat the mixture isnecr equilibrium (low supercooling)_the critical radius

will be large comparedto the actual dropradius. Thegrowthequationihen becomes:

(r+A'_ dr : k &yv (36)
dz PL U C

a Pv

Within any given ro_', T remainsapproximatelyconstantasdoesthe axial velocity.v
Ther_if oneassumes&y to vary linearly from inlet to exit with U andT assumedconstant,a v
the equationcan be integratedto give:

-+ - _ + '_r. = k L Ay+ &Yi (37)
PL U C 2 '

a Pv
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where L is theaxial lengthof the bladerow. Sincethe number of dropsat entrance Is known

and their size maybe assumedto be uniform,the moisturefractlon can be expressedin terms

of the droplet size:

y = 4_r PL N r3/3, (38)

where N is the numberof dropletsper poundoFmixture. Thenthe definition of y is usedto

obtain the averagemoisturedeficiency.

'_Y+ AYl :(Y-Ye ) + (Yi-Ye!) (39)

Substitutingfromequations38 and 39 into equation C_give,,.

+ Ar+Cr 3 _ + Ar., + Cr.31 : B(Ye+yel-2yI) , (40)

where

k
S: v (41)

2PLU C
a Pv

and

C :. -_ B (42)

1 r2
_t /_(r) = % + -_- 3 , (43)

then the droplet growthequationbecomes:

/_r) :'F'(r i) + B (Ye - 2 Yi �Yei)" (44)
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Hence, if Yi is known at the entrance, and the entranceandexit equ[librlummoisture

fractionsare known, equ_iion44 can be solvedgraphically to obtain the newab'opradius.

Then, equation38 give: the newmoisturefractionsandequation 35 givesthe supercooling.

Thesolutionof equation44 isgreatly simplified if_', B, and C are cor,3tantthroughoutthe

turbine. Thiscan be satisfiedif L,/U is constantand if T doesnot vary appreciably. Fora v
the Yankee turbine, the valuesof L/U for the 18 blade rowsrangedfrom1.4 x 10-3 sec to

2.72 x 10-3 asecwith the averagevalue being 1.93 x 10-3 sec. The temperatureat inlr_ is

752°Randatexit 557.5°R. If T = 650% is used, the largesterror in the value of _'due to thisv

assumptionis 8%. Table B-6 comparesthe moisturedistributionsobtainedusingthisanalysisfor

equilibriuminlet moisturewith diametersof 0.8 micronand 2 micronswith the equilibrium

theoryandwith the resultof condensationtheory. The table alsogivessupercoolingat exit

fromeach stage. The numberof dropsper poundin the three modescompared|n table B-6

was 3.19 x 10TMfromnucleationtheory, 1.1 x 1012for 2 microninitial diameterand 1.74

x 1013 for 0.8 microninitial diameter.

TABLe:B-6

Comparisonof Moisture and Subcooling for Various Inlet SteamConditions
Assumedfor Yankee Turbine

Equilibrium CondensationPerformance Initial Initial

Moisture Program,_p= 1.0 _ 0.8._ DropletsD,amet_.r

Ye y AT, OF OF OFy AT, y AT,

Inlet 0.010 0 23 0.010 0 0.010 0

Ist rotor 0.024 0.0165 15.8 0.0132 22 0.0185 11

2ndrotor 0. 038 0. 0374 0.7 0.024 28 0.036 4

3rd rotor 0. 050 0. 04997 0.6 0. 037 26 0.048 4

4th rotor 0. 063 - - 0.055 16 0.061 4

5th rotor 0.077 - - 0. 066 22 0.075 4

6th rotor 0. 091 - - 0.080 22 0.090 2

7th rotor 0. 108 - - 0. 100 16 0. 104 8

8th rotor 0. 130 - - 0. 118 24 0. 130 1

9th rotor 0. 152 - - 0.136 32 0. 142 20
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I0.0 CONDENSATION RESULISFOR POTASSIUMTURBINE

The sar_,eset of equations and computer program used to describe the steam ,:o_den -

sation was also used to predict condensation in the potassium turbine. In the r_resent anaJysls

as well as those of Glassman (6) and Hill (7), it has been assumed that condensation of liquid

metal vapors is determined by the same mechanisms as water vapor. One important influence

which is believed to affect the nucleation process and the location of the Wilson point is the

association of liquid metal vapors. Frisch and Willis (14) neglect the thermodynamic influence

of association and theoretically predict increased nucleation rates. Katz, Saitsburg, and

Relss (3) predict a decrease in nucleation rate by including the thermodynamic effect. Their

n.odified theory would delay the Wilson point relativ_ to the present ,analysis.

The inlet potassium vapor was also assumed to be supersaturated with one percent

equivalent moisture. The results of the condensation performance program are compared with

the equilibrium calculations in table B-7. There is considerable disagreement between the

two sets of calcuJatlons. This disagreement is for the most part due to the assumption of

supersaturation. Supersaturated flow has greater density than the equilibrium flow and is as-

sumed to have a specific heG ratio (y) of 1.6. Since the equilibrium flow has an effective

specific heat ratio near 1.2(15! there are appreciable differences in expansion characteristics.

Additional differences are due to slight disagre.ement in area ratios.

TABLEB-7

Comparisonof Condensationand EquilibriumPerformanceCalculations
for PotassiumTurbine.

CondensationPerformanceProgram Equilil_iumCalculations

Static Axial Static Moisture Static Axial Moisture

PressureVelocity Temperature Fraction Pressuo_Velocity Teml_eroture Fraction
(Ik/_n2) L[____]_ (OR) (Ih_//__b.).__O_'in _) (f t/see) (VR) _(Ob/Ob)

Inlet 38.2 360 1996 0 38.2 2060 O.O1

Stotor 1 31.3 296 1882 0 28. I 346 1987 0. 035

Rotor1 26.5 372 1966 O.04 22.6 408 1940 n. 048

Stator2 24.2 269 1954 0. 047 15.9 398 1869 0.069

Rotor2 - - - 11.9 543 1811 0.085
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The condensation is predicted to occur in the first rotor passag- with the Wilson

point being reached at ._8%of the axial distance through the rotor. The theoretical moisture

was 3.72% at the Wilson point and I_ was 3000/sec which is a rapid expansion rate. The drop

size distribution at the end of the first rotor is given in table B-8.

TABLE B-8

Moisture and Drop Size Distribution at Exit
from First Stage Rotor of Potassium Turbine

Droplet
Number of Diar, eter Moisture

Group Drops (microns) Fraction

1 7.3 x 1011 0.384 0.00003

10122 2.8 x 0. 362 0. 00011

3 1.3 x 1013 0.339 0. 0004

4 4.3 x 1013 G.321 0.0012
14

5 1o5 x 10 0.295 0. 0032

6 6.2 x 10TM 0.268 0.0097

10157 2.8 x 0.223 0.0252

The total number of drops per pound was 3.6 x 1015, and the average diameter was 0.238

microns at the exit from the first rotor.

The calculations were performed for a second case with all properties and turbine

dimensions as before, except thGt surface tension was reduced by 20%. In this case, conden-

sation occurred at about two-thirds of the way through the first stator. The Wilson point

occurred at 2.5% theoretical moisture und the expansion rate was I_ = 1700/sec. The total

number of drops ,_ormedwas 6.68 x 1015 per pound. Thus, a lower surface tension has the

effect of shifting the Wilson point toward saturation, and also of increasing the number of

drops formed. There were almost twlce as many drops formed for the case of reduced surface

tension even though ihe expansion rate was much lower. The pressuredrop and axial velocity

at exit from the first rotor were in better agreement with equilibrium calculations for this case

since the condensation occurred in the first stator.
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C. BULK AND BOUNDARY LAYER FLOWS AND DEPOSITION OF COIqDENSATE

W. K. Fentress

1.0 INTRODUCTION

This section deals with the vapor and liquid flow in turbines after the condensate particles

have grown to substan/_al size (for condensate particles). The presentation is _n terms of an

examination of a IGrge central station type steam turbine and of a very small two-stage potassium

turbine. The steam turbine is the Io-pressure turbine of the Yankee Atorn_c Plant. The two-stage

potassium turbine is a simulation* for erosion discussion purposes of the General Eiecrric two-

stage potassium test turbine of NASA Con_.'ractNAS 5-1143.

In Section 2, the parameters of the two example tu ''-es are repeated from Volume I to

provide a reference for the reader.

Section 3 describes numerically the bulk flow as a function of radial position at inlet and

exit of the four rows of the potassium turbine and the last four rows of the steam turbine. The

local wake and boundary layer fiow aft of the last stator row is described, numerically, for a posi-

tion 3/4 of the way towards the tip of the blade from the hub. In the steam turbine, in a techni-

cal sense, the wake of the last stator is of large size and persists to the plane of the rotor. How-

ever, the wake velocity deficit is small beyond 1 inch downstream of the s*.4torin the direction

of flow. In the potassium turbine because of the smaller spacing between rows, a substantial

velocity deficit persists to the plane of the rotor. While the depth of wake velocity decrement

predicted for the Yankee tu,-b.h_e,taken in conjunction with maximum drop size stob_lity criteria,

give reasonable agreeme,t (see Section D) with observations on the maximum size of drops

striking the rotor of an English turbine, the maximum size predicted is only on the order of 75%

of the observed maximum size. Additional analytic effort in the area of stator vane wakes is

in order since the calculations usean arbitrary correction to allow for finite trailing edge thick-

ness.

* The two-stage ,,'_,_ossiumturbine design presented here was constructed on the basisof t_e
readily available data on the G.E. two-stage potassiumtest turbine from References 1, 2, and
3. These references do not contain information on the stationary blading sectionspor the turbine
seal arrangementand appear to be inconsistentwith respect to stationary row gauging. There-
fore, the design as presentedhas Westinghouse stationary rows. It is not believed that this
makesany, important difference with respect to the erosion model discussion.
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In connection with the bulk flow through the turbine, it may be obscrved that the

condensate parHcles would have a tendency to drift outward with r_spect to the vapor flow.

This is because of their large incrt_'_ compcred to gas molecules in a centrifugal field. How-

ever, in the Yankee turbine (certainly also in the potassium turbine) this rcdiol drift velocity

is in the order of an inch or so per second in a stream or hundreds of feet per second axial

velocity. The significant o_ervatlon is that the fog particles cr_ "locked" to the flow in a

radial as well as axial direction for most practical purposes.

Section 4.0 discusses the collection of the condensate fog particles on the nose

section of blade surfaces from the standpoint of an impingement collection analysis as by

Brun, Lewis, Perkins, arx:l Serafinl (4) for "continuum flow" and as by Gyarmathy (5) for

"s_ip flow". Collection on the concave _urface of the blades is examined by the method

of Gyarmathy (5) The basic treatment of collection by both methods is the same except for

_valuatlng the drag coefficient of the particle. The work of Brun et al varies the drag

coefficient as a function of Reynolds Number and neglects the effect of Knudsen Number

as a measure of the continuum nature of the flow, The work of GyarmQ_hy usesa "Stokes

Law" drag _.oefflcient with an empirical Knudse., Number correction to allow for the

"sllp flow" wL,ich exists because of the small size of the fog particles.

Numerical differences for _:ollectlon between the two impingement methods vary by

factors of 2 to infinity at the particle sizes of interest in turbines.* It is probable that in the

regime of interest in turbines both the Reynolds Number correction and Knudsen Number

corrections to drag coefficient should be applied. The Reynolds Numb;r correction is the

least important in the range of interest, h any _ase, the numerical discrepanciesbet _een

Gyarmathy' s calculations and those presentedby Brunet al are not fully explained by recon-

ciling the Knudsenand ReynoldsNumberscorrections. In addit3_n as observed by Gardner (6)

other mechanismsbesidesdirect impingement may play an importont role in the collection of

sub--micronparticles. Since calculable differences are substantial, it is re,:ommendedthat

testson collection of sub-micron particles under turbine like conditions be conducted.

*Both references present results in termsof dimensionlessplots which were applied
to the particular physical situation of _hetwo turbines examined.
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Section 5.0 uses the viscous terms of the Navler-Stokes equation to calculate rotor

and sl'ator blade liquid film thicknesses and ve!o_:ities a'. c fl_nctlon of assumeduniformly

distributed liquid flow rate. In the case of the stators it is assumedthat the sole force moving

the !i4uid along the blade surface is the shear force exerted by the bulk flow. In the case

of rotors, the centrifugal force is added to that of the b:!k flow shear .:orce. There is ani

additional force present because of the increase in apor staHc pressure from hub to tip to

establish bulk flow radial equilibrium. However, this force is much smaller than the axial

shear Force which in turn is much smaller than the centrifugal force. The bulk radial

pressule field has a negligible tendency to rr,ove liquid Fromtip to hub.

2.0 EXAMPLE TJRBINES

2.1 StecsmTurbine

The steam turbine for the example calculations is the low-pressure turbine of u tandem

comp_undsteam turbine. This turbine is used in the Yankee atomic power plant.

60.8 psia 1,809,875 pph
1072.6 BTU,/P "----I 57.7 psiu - 290°F

12% MOISTURE I 1167.7 BTU/p
1%oMOISTURE

MOISTURE EXTRACTOR

1800rpm

\

TO CONDENSER

": 611131-44B
2,364,250 pph 1,602,224 pph
525 psia - 470°F ,'1.88p.;a - 97.5aF
1202.3 BTU/p 15.2% MOISTURE
0.25% MOISTURE

EXAMPLE TURBINE
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. The reasonsfor selecting this particular turbine are threefold: the blade erosion hasbeen

observedfor an approximate period of five years, the exhaust moisture content is high, and the

expansionis entirely below the saturation llne. The latler feature is similar to that postulated

for alkali metal space power systems.

Geometric and fluid dynamic data for designcperation are given in table C-1. As shown,

the moisturecontent of frhevapor varies from 1%at turbine inJet to about 15% a._exit, the s._atlc

pressurevaries from 59.2 to 0.88 psia, the vapor specific volume from 8.08 to 318.9 2"S/Ib, the

maximum*ip speed is 1238 fps, the axial spacing varies from0.5 in. at inlet to 1.9 in. Jt exit,

the trailing edge thicknessof the blades is in the order of 0.055 to 0.075 in. at the exhaust end

and the last stage rotor blade hasan effective mean diameterof 117.5 in. with an effective

height of 40 in.

2.2 Two-Stage PotassiumTurbine

The two-stage potassiumtest turbine of Contract NAS 5-1143 is, to our knowledge, the

only multi-stage alkali meta! vapor turbine of a space type which hasbeen operated fo_._sub-

stantial length of Hme(some2,000 hours)_ As such, it is an okvious choice as an example

turbine in connecHonwlth the analytical investigation of turbine blade erosion. While the

,"wo-stagepotassiumtest turbine wasdesigned asthe third and fourth stagesof a five-stage

turbine for a space Ranklnepower plant(2), the actual operation hasbeen asthough it

was the first two stagesof a turbine insofar as the inlet vapor quallty |s concerned.

For reasonswhich have been explained previously, the two-stage potassiumturbine design

given here approximatesthe test turbine design,but is not identical. The deslgn condition of

operaHonwas taken from Reference1 and is:*

Speed - 19,100 rpm Flow - 2.64 pps

Inlet temperature - 1600o1: Inlet pressure- 38.2 psla

Inlet moistureconlent - 1% Tc_al to total pressureratio - 2.95

*The actual test operatingconditionsusedby G. E.(14) duringthe endurancetest of ;heir
two-stage turbine were more nearly: inlet temperature-1475-1510°F, inlet pressure-.25.-
26. psla., and inlet moisturecontent-<1%.
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Other fluid dynamic and geometric data are given in table C-2, assuming complete

thermodynamic equilibrium at all times in the turbine. As shown, the moisture content of

the vapor varies from 1% at turbine inlet to 8-1/2% at exit, the static pressure varies from

38.2 to 11.9 psia, the vapor specific volume from 13.2 to 36.8 ft3/Ib, the maximum tip

speed is 805 ft/sec, the trailing edge thickness of the biJdes is 0. 015 in., the axial

spacing between rows is 0.2 in. and the effective mean diameter of the last stage rotor

blade (,bucket) has an effective mean diameter of 8.71 in. with an effective height of 0.937 in.
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TAB

Yankee Ste

Row No. 9th Rotor 9th Stator 8th Rotor 8tt_ Stator 7th Rotor 7th Stotor 6th Rotor 6th Stator

Effective Blade Height, in. 40.00 37.44 27.23 24.46 21.01 19.47 15.07 14.04

Effective Mean Diameter, _n. 117.50 118.40 110.64 109.41 106.01 104.78 100.13 98.54

" Average Guaging 0.600 0.421 0.433 0.341 0.341 0.279 0.330 0.291

Exit Flow Angle, deg 37.0 25.0 25.6 20.0 20.0 16.2 19.2 16.9

Static Pressure, psia 0.88 1..515 2.313 3.411 5.072 6.573 8.745 t0.695

Moisture Content 0.152 r1.140 0.130 0.120 0.108 0.100 0.0911 0.0846

Temperature, OF 9?.5 115.9 131.5 146.5 162.8 174.1 187.0 196.4

Specific Volume, cfpp "118.9 194.5 131.9 92.6 64.7 51.19 39..59 33.03

Jet Velocity, fps 1133. 1057. 1016. 1026. 857.0 905.7 779.8 811.5

Mean Wheel Speed, fps** 922.8 929.9 869.0 859.3 832.6 823.0 786.4 773 2

Tip Wh_ =I Speed, fps** 1237.0 1224.0 1082.8 1051.4 997.6 975.9 904.8 884.2

• Inlet Flow Angle to Next Row, deg 90.0 86.27 83.92 73.32 '_.34 79.52 97.74 89.62

• Inlet Veloc,;y to Next Row, deg 690. 456. 453. 378. 297. 266. 265. 242.

Blade Reynolds No. x 10-5 *** 1.5 5.9 2.2 7.9 3.4 8.2 53 6.1

Steam Flow, pph x 10-3 801.1 801.1 801.1 801.1 801.1 801.1 801.1 801.1

Centrifugal Force, G's
Mean Diameter 5400.

Tip Diameter 7220.

Axial Space Stator Exit to Rotor Inlet, in. 1.9 1.7 1.1 0.6

Trail ing Edge Thickness, in. 0.066 0.077 0.065 0.063 0.060 0.0.55 0.045 0.015

Bladlng Material 12% Chromlum Steel

Stell ite Shields yas yes yes yes

'Generally, values are for exit of blade r._w.

**Stator blade "wheel speed" is that speed equivalent to ,: rotor bf the same diameter.

***Reynolds Number based on Me blade chora and exit velocity.
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C-1

Turbine

5th Rotor 5th Stator 4th Rotor 4th Stator 3rd Rotor 3rd Stator 2nd Rotor 2nd Stator 1st Rotor 1st b:ator Inlet

12.77 11.81 10.57 9.98 9.15 8.47 7.42 6.84 6.49 6.30 7.55

96.77 95.25 93.50 92.51 91.35 90.27 89.28 88.64 88.35 88.10 89.35

0.270 0.266 0.300 0.286 0.278 0.274 0.277 0.268 0.248 0.231 --

15.7 15,4 17.5 16.6 16.1 15.9 :6.1 15.5 14.4 13.4 --

13.331 16.367 19.386 22./4.8 26.473 30.521 34.852 39.679 45.345 51.931 59.2

0.07_8 0.0693 0.0630 0.0560 0.0500 0.0440 0.0380 0.0310 0.0240 0.0170 0.010(

207.1 217.5 226.3 234.9 243.2 251.3 259.0 266.8 274.9 283.4 292.0

27.11 22,56 19.39 16.81 14.68 12.93 11.50 _0.25 9.11 8.38 - -

800.0 744,2 727.3 709.7 700.6 686.5 692.7 699.0 705.4 689.1 --

760.0 748.1 734.4 726.6 717.5 709.0 701.2 696.2 693.9 692.0 --

860.3 840.8 817.9 805.0 789.3 7"I5.5 759.5 749.9 744.9 741.4 --

87.36 98.72 1O0.5 103.1 103.1 104.8 1O0.94 97.2 93.7 97.8 90.0

222. 203. 224. 210. 202. 196. 198. 192. 180. 165. --

7.6 6.4 5.3 6.3 5.2 11.6 8.4 8.2 9.5 14.7 --

801.1 801.1 904.9 904.9 904.9 904.9 904.9 904.9 904.9 904.9 904.9

4050.

0.5 0.5 0.5 0.5 0.5

0.045 0.015 0.038 0.0_ 25 0.037 0.0_.0 0.038 0.010 0.033 0.010

yes yes no no no no
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3.0 VAPOR FLOW PATHS

The flow in the example turbines are described from the standpoint of the axlsymmetric

bulk flow downstreamof the blade rows, the boundary layer on the surface of the blades, and

the wakes downstreamof the blade rows.

3.1 Axisymmetric Bulk Flow Downstreamof the Blade Rows

The row by row fluid properties are calculated by a computer program that hasbeen used

for a numberof years by the WestinghouseSteam D|vlslon. Inputs to this code are turbine geo-

metry (diameter, blade heights, and blade angles) and turbine duty (Clow, rpm, inlet pressure

and temperature, and outlet pressure). Calculations are made by using continuity, energy,

momentum,and thermodynamic relations. Simple radial equilibrium and constant specific heat

ratio (1') gas properties are assumed. ,iAcTu_,.y, the programprovides for full equilibrium (effect

of the merldional streamtube curvature) using steamproperties, but, by the option of simple

radial equillbrlum and constant gas properties, the program is appllcable to other working

fluids suchas liquid metals with a higher degree of flexibility. It can be shownthat these

assumptionshave little effect on the accuracy of the results.

Outputs from the programare row by row fluid conditions (pressure, temperature, velocity)

with respect to blade height. Rowby row properties for the mean diameter section have already

been given in tables C-1 and C-2. Rowby row data with respect to blade height are shownby

table C-3 for the e;ghth and ninth stage blade rowsof the Yankee steam turblno.. Similar in-

formation on the two-stage potassiumturbine is shownin table C-4.

3.2 Boundary Layer on the Surface of the Blades

Boundary layer calculations were performedby a WestinghouseSteam Division computer

code basr;d on the method of TrJckenb:odt(7). This programis briefly described in the fallowing

outl ine:

Input to code:

1) Blade surfacevelocity dlstrlbution - by other computer program

2) Blade ReynoldsNumber (Ree) based on exit fluid properties and chord length
ji,

tl-40

1967005920-055



TABLE

Fluid Properties Aicng the Height,
Yankee St_

Row 8th Rotor Exit 8th Rotor Inlet
Mean __-'_'n

Approximate section Hub 1,/4 Dia.__.._. 3/4 Tip Hub 1/4 Dia.

Diameter, inches 80.27 96.21 112.15 128.09 144.03 82.51 96.51 110.5

Gauging, inches 0. 538 0.489 0.449 0.416 0.385

Exit flow a_le, degrees 32.5 29.2 26.6 24.6 22.6 19.0 18.7 18.9

Static pressure, psia 2. 263 2.612 3.025 3. 3_

Temperature, OF 130.4 145, 7

Specific volume, cfpp I_'_,.0 118.8 103.9 94.8

Jet velocity, fps 848.9 932.5 1015.1 1095.9 1184.7 1282,2 1138.8 1028.4

Axial velocity, rps 456.7 456.0 455.8 455.9 456. 1 417.8 365.4 333._

Wheel speed, fps 630.4 755.6 880.8 1006.0 1131.2 648.0 758.0 867.9

Inlet flaw angle to next row, degrees 79. 15 82.6 86.95 91.1 95.2 36.52 48.74 72.5-_

Inlet velocity to next row, fps 465.0 459.8 456.4 456.0 459.8 702.0 486.0 349.7

Row 9th Rotor Exit 9th Rotor Inlet
/_n Mean

Approximate section H..._ub I/4 Dia__ 3/4 Tip Hub 1/4 Oia.

Diameter, inches 76.84 97.27 117.7 138.2 1o8.6 78.63 98.63 118.6:

Gauging, inches 0.733 0.674 0.618 0.560 0.4_

Exit flow angle, degrees 47. I 42.3 38.3 34.8 31.8 26.3 24.4 24.2

"'_,_1_ Static pressure, psia 0.88 1.011 1.285 1._4
i

_. ,_perature, OF 97.5 1! 5.6

:_ _peclfic volume, cfpp 318.0 282.0 226.0 197.5

Jet velocity, fps 949.0 1030.0 1117.0 1211.0 1315.0 1390.1 1192.5 1051.2

Axial velocity, fps 695.0 693.0 693.0 694.0 695.0 615.4 494. 1 432.2

Wheel speed, fps 603.5 764.0 924.4 1085.4 1245._ 6_).6 774.6 931.7

Inlet flow angle to next row, degrees 86.5 90_0 93.9 97.3 !u_.5 44.4 57._ 86.5

, Inlet velocity to _row, fps 696.0 693. G 695.0 699.0 7r6.0 680.0 583.6 433.0
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• the Blade; Eighthand Ninth Stages
rnTurbine

8th St_.tor Exit 8th Stator Inlet
_an _ean

3/4 Tip Hub 1__/4. Dia. 3__/4 Tip H__ub 1/4 Dia_ _ 1

124.51 138.51 83.41 97.41 109.41 123.41 137.41

O. 343 O. 346 O.350 O. 358 0 3695

I_.4 20.0 20.4 20.2 20.5 21.0 21.7

3.592 3.789 _3 3. 078 3.348 3.5_?0 3. 785 .991

145.7 162.2

88.9 84.4 115.9 102. I 94.7 88.9 84.5 65.7

940.2 868.4 1257.5 1120.6 1028.4 941. I 870.0

312.5 297.6 440.0 388.2 360.0 337.4 321.5

977.9 1087.8 655. I 765. I 859.3 969.3 1079.2

106. _6 132.43 40, '_8 53.60 73.87 105.05 130. 10

325.5 403.2 683.4 482.2 374.,_ 349. _ 420. 3

9th Stcbr Exit 9th Stator Inlet
Mean "/l_-'_n

3/4 Tip_ Hu.__b 1/4 Dio.__:. 3/4 Ti_p Hu.__b :/4 .9_°._:_"3_/4_ T

138.63 158.63 78.4 98.4 118.4 138.4 158.4

o.428 o.428 o.432 o.44o o.453

24.7 25.6 27.6 25.8 25.6 26. 1 26.9

1.637 1.751 1.021 1. z89 1.487 1.635 1.746 2.263

115.6 130.4

181.0 170.2 280.0 226.0 197.5 181.0 170.5 134.0

945.0 862.9 1383.0 1190.0 1051.0 947, r,, 866.0

395.7 372.1 641.0 518.0 454.0 417.0 392.0

1068.8 1245.9 615.8 ,'*72.8 929.9 10[;7.0 1244. 1

120.2 141.5 46.5 60. 1 87.7 119.6 140.3

458.0 597.4 884. 6 597. 6 454.7 479. 1 613.3

I1-,
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PotassiumTurbine; Fluid Prope

Row 1st Stator inlet 1st Stator Exit
Mean Mean

Appropriate section Hub 1/4 Dia____ 3/___4 Tip Hub _/4 Dia.

Diameter, inches 6.98 7. 575 8.17 7.28 7.68 8.08

Gauging, inches G. 3114 0.3160 0. 3208

_:xit flow angle, degrees 18. 15 18.40 18.75

Static pressure, psia 37 "_86 26.59 27.36 28.03

Temperature, OR 2053. 1 1980.6 1985.9 1990.9

Specific volume, cfpp _.3_55 18.30 17. 90 17.48

Jet velocity, fps 1158.8 1113.0 1072.2

Axial velocity, fps 360.9 351.7 344.0

W_,eet speed, fps 606.6 639.9 673.2

inlet flow angle to next row, degrees 36.1 40.2 45_ 1

inlet velocity to ne4t row, fps 612.3 544.8 485.3

Row 2nd _tator Inlet 2rid Stator Exit
Mean Mean

Appmpr;ate section Hub 1/4 Dia..__.:__. 3/4 Tip_ Hu___.b 1/-4 Dia.

Diameter, inches 7.385 7.815 8.246 8.677 9. 107 7.677 8. 177 8.677

Gauging, inches 0. 3487 0.3509 0. 3540

Exit flow angle, degrees 20.4 20.6 20.75

S_atic pressure,psia 23.2 14.83 15.42 15.95

Temperature, OR 1945.2 1865.0 1867.0 1869. 0

S_cific volume, cfpp 21.25 30.81 29.65 28.75

Jet velocity, fps 1226.6 1175.7 1130.0

Axial velocity, fps 391.2 391.2 391.1 391.1 391. I 427.7 412.6 400.0

Wheel speed, fps 615.9 651.8 687.8 723.7 759.6 639.8 681.5 723. 1

Inle! flow angle to next row, degrees 63.4 64.4 65.6 66.7 67.9 40.0 44.5 50. 16

inlet velocity to next row, fps 437.4 433.7 429.6 425.8 422.0 665.4 588.,4 520.9
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_sAlong the Height of the Blades

1stRotorInlet 1stRotorExit
Mean Mean

3/4 Tip Hu__.b 1/4 Dia. 3/4 Tip Hub 1/4 Dia. 3/4 Tip

8°48 8.88 7.287 7.687 8. 087 8. 487 8.887 7.36 7.74 8.12 8.50 8.88

0.326 0.3317 0.4842 0.4735 0.4638 0.4544 0.44

9.0 19.35 28.9 28.2 27.6 27.0 26.45

8.65 29.21 26.60 27.36 28.03 28.64 29.20 22.60

5.3 1999.1 1980.6 1985.9 1990.9 1995.3 1999.1 1940.0

7. 15 16.85 18,30 17.88 17.48 17. 15 16.87 20.8

4.2 999.3 1158.2 1112.7 1072.2 1034.4 999.8 924.0 944.7 964,4 984.4 11_4.0

7.3 331.5 370.3 361.0 353.2 346.3 340.4 447.4 447.3 447.3 447.3 447.2

$.6 739.9 607.3 640.6 674.0 707. 3 740.6 613.9 645.6 677.2 708.9 740.6

1.2 58.5 37.08 41.23 46.22 52.32 59.62 66.4 67.3 68.3 69.4 70.5

2.7 388.6 614.2 547.7 489. ] 437.6 394.5 488.3 485.0 481.3 477.9 474.5

2ndRotorInlet 2ndRotorExit
Mean Mean

3/4 Tip Hu.__.b 1/4 Oia__ 3/4 Tip Hu___.b 1/4 Ola. 3/4 Ti_p.p

9.1T," 9.677 7.675 8.175 8.675 9.175 9.675 7.752 8.2325 8.7i_ _.1935 9.67

O.3577 O.3620 O.5473 O.5340 O.5220 O.5107 O.4_,

O.95 21.20 33. 1 32.2 31.5 30.7 30.0

6.42 16.85 14.84 15,42 15.95 16.42 16.84 11.88

1.0 1873.0 1864.6 1866.7 1868.7 1870.7 1872.7 Ig11.0

7.95 27.35 30.75 29.65 28.75 28.0 27. 40 36.6

8.5 1050.7 1225.8 1175.3 1130.0 1088.9 1051.4 1024.9 1049.8 1073.5 1096.9 1120.3

?.4 380.3 440.4 424.9 412, 1 401.3 392.0 560.3 560.6 560.4 560.2 560.0

4. 8 806.5 639.6 681.3 723.0 764.6 806.3 646.6 686.6 726.7 766.8 806.9

'7.1 65.54 41.13 45.74 51.38 58.35 66.65 69.3 70.2 71.3 72.5 73,7

3.8 417.8 669.5 593.7 527.,5 471.7 426.9 599.6 595.7 591.5 587.4 583.5

1967005920-060



(_ A*ronuclearLaboratory

Calculation ci method:.

1) Method of Truckenbrodt, The main equation:

/n + l"_/n/ (V__xff/ 3 +2/nv n/(1.0+n)
d(x/,J

= w= o

where e/_ is the momentumthickness per unit chord length, n = 6, x/,_ is

the referred distance from the .nl_t edge of the blade, and

= 0.074 Re; 1/5Cf

2) Additional equatiops for calculation of boundary layer shape factor (H) and momentum

mixing lossdownstreamof blade row.

3) Assumption: turbulent boundary layer on entire e_ord length of blade.

Output of program:

1) g/,_ at blade exit - pressureand suction surface.

2) H at blade exit - both sidesof blade.

3) Blacleenergy coefficient - including downstreammomentummixing loss.

The main equation, as shown, i_ adapted from the original Truckenbrodt equation for the

case of turbulent flow along the entire length of the blade. Due to this assumption,the laminar

flow term does not appear in the equation. Though it is disputable to ignore the laminar flow at

the leading edge of the blade, this doesnot appear to have an appreciable effect on the calcu-

lation. Further, it is implied that laminar flow does not occur in the actual turbine due to the

turbulence and unsteadyflow at the inlet of the blade rQw, contrary to the situation in a tur-

bine cascade where there is undisturbed flow to the blades(8).

Calculated values for the Yankee steamturbine are shown in table C-5 for the boundary

layer thicknessand form factor at the trailing edge of the eighth rotor and ninth stator blade

rowsat the 3/4 blade height position. The boundary layer thickness is found to be roughly 40%

higher in the case of the rotor blade due in large part to the lower blade ReynoldsNumber

i
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(249,000 versus610,000). Values also are shown for the Reynolds Number based on momentum

thickness, the skin frlcticn coefficient, and the shearing stress. These quantities are local blade

surface values for the trailing edge position and are based on conventional turbulent boundary

layer relations.

Table C-6 lists boundary layer properties for the second stator blade row of the two-stage

potassium test turbine. Since the actual blade sectionsof the GE two-stage potassiumtest tur-

bine ;tators were not readily available, the calculations were carried out using a Westinghouse

baade. As the inlet and exit angles, chord length, and ReynoldsNumber are similar to those of

the actual blade, there is probably no appreciable difference in properties.

Comparing the tabulated quantities for the potassiumturbine with those for the Yankee

steam turbine blade, tke c_ctuJ,boundary layer thickness and vapor film ReynoldsNumber are

less, due in large part to the smaller chord length of the potassiumturbine blade. The shearing

stress(_') is much greater, roughly speaking, by a factor of 10, in large part because of the much

higher density in the potassiumturbine compared to the back end of the steamturbine. The

increase in friction factor (Cf) is associated with the reduction in boundary layer thickness.

3.3 Blade Wake Calculation

Downstreamwakes may be calculated from the boundary layer properties at the .railing

edge of blades by methodsas in NACA-TN 3771(9). By these procedures, the downstream

properties of turbulent, low-speed wakes are specified by _heoretical and empirical relations.

While the experimental data is largely for isolated airfoils, there is reasonable agreement with

limited cascade data. An outline of the calculation procedure is as follows:

Given:

1) Boundary layer at blade trailing edge:

(g, H)pressure,(g, H)suction

2) Blade exit angle at.e. and solidity, ¢..

Cal culational method:

Calculations are performedon sllces of the wake for the suction and pressuresidesof the
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blade at selected downstreamlocations. The general pr cedure is:

1) Deflne H as a function of (x/_) by empirical expression:

1/2

( x/L + 0.025 )= 0.025

Hx'_ 1/2

(x/z+ 0.025)_ (Ht e -1")0.025 Ht e

where x/_t is the referred downstreamdistance oasedon the chord length of the blade

Ht e = Hx/_. = 1.

sin ax/l. _ g/throat opening, where a is the flow angle wlth

respect to the tangential directlon.

3) The wake properties downsheam of the blade are speclfled by:
A

FI (ex_, Hx/_) = 0

A

F2 (a, ex/_, Hx/,z) = 0

The change in form factor (H) with downstream distance is defined by an emplrica] expres-

sionbased on isolated airfoil and cascade data due in large part to Spence-1952_'10./'_ The referred

momentumthicknes_of the wake (_= momentumthickness/throat opening) and direction of

flow (a) with respect to downstreamdistance is specified by analytical expressionsbasedon

continuity, energy and momentumexpressions,incompressibleflow, and boundary conditions at

the trailing edge of the blade. These expressionscan be programmedfor the computer, but, in

these turbine calculations, values of'_and a were extrapolated from curves in NACA TN 3771.
A

This approximation is justified by the small increase in g and a wlth downstreamdlstance (roughly

2% and 0.2 degree in the Yankee turbine).

There is a small decrease in mainstreamvelocity, V (x), with downstreamdistance due to

the mlxlng of the wake. The downstreamvalue of V(x) for values of x/_ >_0.10 is estim:#ed

from the trail lng edge displacement thickness (6") as:

V =_/t e] [1- cr (6*/Z)/(O/s)],

where • and O/s are the solidity and gauging and V t is trailing edge velocity.e

V(x) for x/_ between O.0 and O. 10 is determined by interpolation.

11-47

1967005920-066



_,_ AstronuclearLaboratory

Calculational results for the eighth rotor and ninth stato: of the Yankee steam turbine are

given in figures C-1 and C+2, respectively. Resultsfor the secondstator of the two-stage

potassiumturbine are shown in figure C-3. As shown, the wake properties (H, a ,g) quickly

change downstreamof the trail ing edge, whereby there is little change beyond 0.1 to 0.2 x/£.

Note also that while the wake thickness ( 6 ) continues to inc.ease beyond 0.1 to 0.2 x/_, the

velocity within the wake (V (y)) is nearly the sameas that of the full stream since:
1.

V(y) =V(x)(6-'_-) -_" wheren~6.

Thus, the downstream flow is roughly axisymmetric from about 20% of the chord length distance

downstream of the blade by this assessmentof the process. As might be expected because of th::

relative size of the two turbines, the thi_,knes: of the wake from the steam turbine blades is on

order of magnitude flreater than from the potassiumturbine blades.

While the incompressible flow assumption made in carrying o,Jt the calculations was not

investigated, it is improbable that it has an important effect in well ordered turbines wlth thin

bounda.-y layers and hence only a small percentage increase in momentum thlckness downstream

of the blade is expected.

Of possible greater importance is the effect of the wheel speed on the wake ve!oclty

p_ofile, turbulence, and mixing of wake downstream of the rotor blade. Due to the trigonometric

effect of the wheel speed on the boundary layer profile, the velocity profile downstream of the

blade (in the absolute frame of reference) is not collnear and is by no means the same as on the

blade surface. The calcul_,tion ignores this effect in using the blade surface value of form factor

(H) for the trailing edge wake. It is probable that the non-colinearify promotes turbulence,

mixing of wake, and affects the transport and size of the droplets.

An important effect not considered in the results of figures C-1, C-2, and C-3 is the

sheltered zone immediately downstreamof the blade trailing edges provided by a finite trailing

edge thickness. This wake information may be plotted in a different manneras shownin fig-

ures C-4 and C-5. Figure C-4 is a plot of the pressure+side wake of the ninth statar of the

• feam turbine, and figure C-5, a similar plot for the pressureside wake of the second stator

o._ +hepotassium turbine. The chief useof the wake information in the erosion model is to

allow the calculation of the atomization and acceleration of the collected liquid between

11-48

1967005920-067



6-;n,
n

Item I |ten-. 2 _-;n.
v!,) v{y)

Expre_, ,= F2

PrelSure I;de Exp-es' r_ _ 2 fP$

0,05 1.41

O.Io ;.20 0,01017 n91.1

0.50 I. r5 0.01028 91.3 0.008475 4.88
0.979 (Sfotor 1.068 0.01C.8 91,3 0,008556 IU. "].07034

0.01028 91.3 0,008556 O. I ! 29 456
l'_le#) 1.045 0.01028 91.3 0,008556 13.31

29 40 O,14;P2 45I

e 0.008556 44 45 0 2781 444
0.05 } ,55 0,4064 444

O.10 ]'.26 0.03303;, ,__4 _.
91,1

0.50 I. 19 0.033763 91.3 0.02752 .._
0.033763 0.02812 3.64

0.979 (Stator 1.083 91.3 O _976
).06 0,033763 91,3 0,02812 7.70

In_et} 0.033763 91 3 0.028 _2 I0. 30 O,3079 456 ,_.451 _-
• 0.02812 24,lo 0.3852 444 .

33,33 O,7649
1.021 444

444 >

g= .003717"
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Rgure C-I. Result=of BladeWake Calculation ForEighth
Rotor Bladeat 3/4 Height PosiHon,

Yankee Tu_;ne
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,,£ H P P-,n, n dt-in. V(;_) V(y)

fps fps

Item I Item 2 F2 _,_.,,n,, 2 #()*n)(2+n)

Exp,es', Exp_es'n EApres'n _' H-I n

0 (t e., 1.41 0.00369 25.3 0.009!96 4.88 0.0763 9_5
0.05 t.202 0.00372 25,2 0.00927 9.90 O.1212 948
0. ] I. 15 0.00372 25.2 0.00927 13.35 0. ! 53 935
0.2 1107 0.00372 25.2 0.00927 18.70 0.202 935
0.35_ {Roto_ 1.08 0.00372 25.2 0.00927 25.0 0. ",.'_','_ 935 --_

In!et)

0 (t.e.) 1.51 0,01206 2S.3 0.03003 3.92 0.223 995 :>II
0.5 1.24 0.01922 25.1 0.0304 8.34 0.3_2 948 -_
0.1 1.177 0,0'222 25.1 0.0304 11.30 0.440 935 _'
0.2 1 122 0.01222 25.1 0.0304 15.80 0.575 935
0.358 (Rotor 1,095 9.01222 25.) 0.0304 21.10 0,;35 935Inter!

/ X

S:5.817" 0:2.49" a t.e. : 25"30

_,_---_IAL DISTANCE-1 "

611131-46B

FigureC-2. Resultsof BladeWake Calculation for Ninth
Starer Bladeat 3/4 Height Poeltlon_

YankeeTurbine
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fps fps

P 2 .#_
o _ n

P i

1,210 0.00248 22.3 0.000603 9.524 _.00767 I!05
0,0443 1.I13 0.0025 0.000610 17.70 0.01268 1098

0.0885 1,088 I 22.70 0.0157 1090
O.177 1.064 | 31.20 0.0208 1088

0.3540.266 1.0481.053 | 37.70 0.0248 1088
41.60 0.0272 1088

0A96 (Rotor 1,039 ,_.Q5 - 51.25 _ 03305 1088 --_"
Inlet)

O. (t.e.) 1.530 0.01134 22.3 '_.0_276 3.774 0.0202 1105 ,
0.0443 1.262 0.01150 0.00280 7.630 0.0304 1098 "_

00885 1192 / 10.40 0.038 1,090 >
O.177 I. 140 14.28 0.0487 1088

0.2_6 ;.112 _ 17.82 0.0586 10880,354 1.098 20.40 00657 1088
0.496 (Rotor 1.080 20.95 25.00 0.0784 1088_nlet)

Z= 1.13"'/_/// Y

f

' zl0 = .2435"
I--

S- .678 0 Ia

t.e. THICKNESS_.015 2_
DISTANCE=.

61 i 131-47B

FigureC-3. Two-StagePotassiumTurbine;Resultsof BladeWake Calculation
for SecondStatorBladeat 3/4 BladeHeight Pasltion
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stator and rotor. Mathematically the effect o_ finite thickness of trailing edges of actual tur-

bines on the collected liquid trajectory calculations was treated as a zero velocity space ex-

tending 4.8 trailing edge thicknessesdownstreamof the trailing edge and joined to a wake

correspondingto a zero thickness trailing edge by a discontinuity. This discontinuity is repre-

sented by the vertical lines in figures C-4 and C-5. This procedure gave reasonable agree-

ment with some cascade test resul;s (See Vol.!!. Section D).

Possibly, another weakness in the analysis is in regarding the downstreamportion of the

wake as a viscousprocessassociated with the trailing edge boundary layer. Generally, this is

only correct for near zero trailing edge thickness a_ in the Liebleln report. In actuaJ Lu*-

bines, the wake from the trailing edge of the blade can be llke the separated vortex flow

downstreamof a circular cylinder. Investigations by Heskestad- 1960(11), as well as current

Westinghousetests,showthat the downstreamwake dependsto a large extent o_1the detailed

geometry of the trailing edge. Strong vortex streets are associated with thick, cylindrical

trailing edge shapes. At the other extreme, there is evidence of unseparated flow downstream

of tapered trailing edges shapes. In all, further work _srequired in this area.
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4.0 DEPOSITION OF MOISTURE ON THE SURFACEOF BLADES

The deposition of moisture is considered from the standpoint of:

1) The deposition on the inlet edge (nose) of the blades

2) The deposition on the concave face of the blades

The mechanismof deposition of moisture on blade surfaces is considered to be that of

inertial impaction basedon the macroscopic application of the laws of motion. In this we have

followed Gyarmathy(5). While c;epositlon by diffusion of particles (Brown[an motion and/or

eddy diffusion) is recognized as a possible factor, inertial impocHon is thought to warrant first

consideration. Even between inertial impaction calculations, as between Gya_nathy and Brun

et al(4), there is substantial difference in numerical values which we have been unable to

resolve.

4.1 Deposition on the Inlet Edgeof the Blades

The analysis considersthe noseof the blade as a circular cylinder. Thusthe impingement of

moisture particles is specified by the path of the particles when a_ted upon by the potential flow

about a circular cylinder.

The path and impingement of particles with respect to circular cyllnders, basedon two-

dimensional trajectory calculations and suitable drag coefficients, is given in a number of

reports. NACA Report 1215 by Brun, et al (4) was usedin this analysis. Here the data are

$f .:wn by a non-dimensional plot in terms of the conventional inertia parameter (K), a Rey-

nolds Number parameter, and the collection efficiency. (Collection efficiency is the ratio

of the w_dth of the fre_ stream capture stream tube, within which all particles strike the

cylin_,er, to the diameter of the cylinder.)

As the flow about the miniature moisture drops is often in the slip flow regime, it is neces-

sary to correct the NACA data for the reduction in drag due to slip flow. Correction was made

by multiplying the report value of the _nertia parameter by the ratio (CD, slip flow/CD ) where

CD is the conventional drag coefficient for continuumflow. This correction is specified by an

empirical expressionin termsof KnudsenNumber(!2! Asshown in figure C-6, Gyarmathy's expres-
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CD, slip flow = 1

CD 1 + 2.53 Kn '

sion, is a simple approximation to the above expression. As also shown by this curve, the drag on

0.4 is radius drops under these turbine conditions is onJy 45% of the continuum drcg. In fact,

the drag on particles will only approach continuum values at approximately 15 isc r greater radius.

By thesedata, the collection efficiency was calculated for the noseof the ninth statcr

blade row, 3/4 blade height position of the Yankee steam turbine, and is shownby figure C-7.

For comparison, the efficiency is also shownby GyarmathyI s data. These data £ive a higher

collection efficiency throughout the range of moisture drop size. This difference cannot be

explained by the fact that the NACA data account for the increase in Stoke' s taw drag with

Reynolds Number as in this instance, the fluid properties are nearly coincident with the NACA

curve for zero ReynoldsNumber (a = 0.). Possibly, the difference could be explained by differ-

ences in the trajectory calculation, but this calculation is not qualified in Gyarmathyl s report.

By thc NACA curve, drops less than 0.3 is radius do not collect on the nose of the blade,

but, by Gyarmathyl s curve, the collec'tion efficiency is roughly 15% for 0.4 is estimated drop

radil:s.

The portion of drops collected on tl',e inlet edge is shownin figure C-8. The portion is with

respect to the total numberof dropsand, as shownby the curve sketch, dependson the collection

efficiency and the size of the inlet edge. Bythe NACA curve: the portion collected is 0. 2% for

0.4 ISradius estimated size; drops lessthan 0. 3 ISradius are not collected. But by Gyarmathy's

curve, the portion collected is 0. 9% for 0.4 is drop size.

A similar situation exists with respect to the collection calculations an the blade nosesof

the two-stage potussiumturbine. The resultsof the calculations are shownon figures C-9 and C-10.

Figure C-9 gives the collection efficiency of the second stator and rotor. Figure C-10 gives the

portion collected on the samestator and rotor. The portion collected is with respect to the total

numberof drops and, as shownby the curve, dependson the collection efficiency and the size of

the inlet edge. The large inlet edge on the stator blade accounts for the larger portion of moisture

collected in the range of drop size> 1.4 is. By the NACA curve (figure C-10): drops ( 0. 5ISradius

are not collected on the stator nose and drops> 0.2IS radius are not collected on the rotor nose.
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Hence, the drops in the turbine flow, 0. 121Jrcdfus estimated size, are not collected. A

larger collectlon is shownby Gyarmathy's_curve, but the portion collected is near zero for

0. 12_ estlr._ai'edsize.

While the density of liquid potassium,about 2/3 that of water, tends to reduce the

collection on the inlet edge, the greater part of the difference between the steam and potas-

siumturbine is accounted for by the size of the inlet edge.

4. 2 Deposition of Moisture on the Concave Face of the Blade

Generally, the analysis was performedalong the lines of approach in Gyarmathy's

report. The contour of the blade surface was approximated by a polynomial expression. The

path of the vapor correspondsto the blade contour and the path of the particles, acted upon

by the drag of the vapor, was calculated by trajectory equations. The drag on t_e porticles is

by Stokes' law with correction for slip flow. By simplifying assumptionsof constant vapor

velocity with respect to the distr_ncebetween blades and equal and constant moisture-

particle axial velocity, the port;cle acceleration was described by a Jlnear differential

equation. Byfurther assumptionsas to boundaryconditions, the integrated equation gives

the width of the bond at the blade inlet, within which all moisture particles impinge on the

blade surface. Finally, the ratio of bandwidth to the space between blades gives the amount

of the collection with respect to the total moistureapproaching the blades.

Thus,by the above assumptions,the collection of mols_ute is specified by closed form

calculation. Since this treatment of the processis not covered in the literature, a detailed

account of the equations is given in Appendix 3. This includes the development of the

equations and an example calculation.

Calculation resultsfor the Yankee steamturbine are shownin figure C-11. This figure

gives the portion of moisturecollected as a function of drop size. As shown by the curve sketch,

the portion collected is specified by the inlet width of the band (_), within which all particles

impinge on the blade with repsect to the blade pitch. The band width cannot exceed the space

between blades (pitch minusinlet edge blockage) which accounts for t_e break in the curve at

93-1/2%. Collection by Gyarmathy' s data Us20% less in the range <0.4 H drop radius. The

difference is due to the fact that Gya_athy specifies the blade shape by a quadratic expression
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comparedto a higherorder curve fit which, in this instance, bettermatchesthe b!ode.

For0.4 H estlmateddrop radi_Js:1.3% of the dropsare collected on the concaveside

of the blade;by Gyarmathylsdata, the partion collected is 1.04%.

SimilGrcalculationswere carriedout for the two-stagepotassiumturbine. FigureC-12

givesthe portionof moisturecollectedon the concavesideof the secondstagestatorandsecond

stagerotor blade. Thecalculationassumes."a bladesurfaceshapeasby the averagebetweena

secondandthird degreepolynomialanddragon the dropsosby Stoke'slow with correctionfor

sllp flow. Other assumptionsas to constantandequal ,vapor,dropaxial velocity, etc, are as in

Gyarmathy'sanaIysis.

As shcwnby the curve sketch, the portion collected is specified by the width of the band

(_'), within which all particlesimpingeon the blade, with respectto the blade pitch. Theband

width cannotexceedthe spacebetweenblades(pitch minus!nlet edge blockage)which accounts

for the break in the statorandrotor curve at 72 and91%. Collection by Gyarmathy'sdata is

nearly the samec_nd_snotshown.

For0. 12 p radiusdrops:0. 3% of the dropsare collectedon the statorbladesurfaceand

0.6% on the rotor bladesurface. The largercollection on the rotorsurfaceis due in large part

to the passageshape(highervalue of S/S). Thiscomparosto an approximate0.4% collection

in the Yankeesteamturbine, samedropsize. Here, the difference is again due in large part to

the passageshaperatherthan fluid properties. (The inertia parameteris inverselyproportional

Tothe bladewidth and, hence, is muchgreater in the potassiumturbine.)

An attemptwasmadeto improveon the assumptionof constantvelocity in the space

betweenbladesto allow for the velocity gradient in the regionof the bc.undarylayer. Due

to the non-linearity of the equations, the calculationscouldnot be performedby closedform

solution. In fact, the numericalsolutionof the equationswasin effect a two-dlmensional

trajectory calculation. It thereforeappearsthat a numericalsolutionwill ..herequiredto

improveuponthe assumptions.

5.0 MOVEMENT OF MOISTUREON BLADESURFACES

Themovementof collected moistureover the bladesurfacesis nota critical part of the
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overall erosionmodel with respect to numerical precision. The main value of the analysis is in

ix)inting out certain variables which may be neglected and in the added qualitative understand-

i,,g, me of the sequencesof events leading to turbine blade erosion. A most important conclu-

sion which ,:an be drawn from the analysis is that the carryover of collected moisture from stage

to stage will be negligible in a well-dralned turbine because the flow of liquid on the

rotor blades is essentlal!y radial. The liquid is therefore slung from tip against the outer casing

and can be efficiently collected by suitable drain slots. Another conclusion is that the liquid

flow on the stators is essentially along the vapor streamlines.

In this analysis, it is assumedthat the collected moisture formsa continuous film controlled

by the laws of viscous flow. Generally, the thicknessand velocity of the moisture film i_ based

on the force balance between the viscous shear of the film, vapor streamfriction, and centrifugal

fc_:,;;. The force on such a film from the radial pressuregradients in the turbines examined is

small compared to the other forces mentioned. It is also assumedthat the moisture collects only

on the concave side of the blades for purposesof numerical calculation and collection on the

convex sidesthrough the action of secondary flows is neglected. This is a conservative assump-

tion since it places a higher liquid load per unit of surface on the blade than is probably actually

present. Since differen_ proceduresare involved for the stator and rotor bl_c_ec_ulculations,the

discussionis by separate topics.

5.1 Rotor Blade Moisture TransportModel and Results

The main equation, based on the Navier-Stokes equations, relates the centrifugal force to

the viscous shear of the film. This assumesthat the flow is in the radial direction and is only

acted upon by the centrifugal force. The error in this assumptionis shownby calculating the

axial force on the film (due to steam friction) and the axial film velocity for the ninth stator of

the Yankee turbine. Assuming2% moisture collection, the axial velocity is 0.88 fps compared to

6.5 fpsvelocity in the radial direction, cc,responding to a 7.8° angle of flow with respect to the

radial direction. Assumingthe flow is in the radial direction only and disregarding the low order

terms, the Navier-Stokes equations reduce to:

_2 u
F=-p 2'

c_y
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where the bodyforce F is the centrifugal force.

Integration with boundaryconditionsasspecifiedby a parabolic velocity distribution

gives:

2

F--L -F6y =-_u. (1)2

The massflow and velocity are specified by continuity as:

dk= PL Zudy

u = 1 dm L (2)
Z dyPL

Combining(1) and (2) and integratingforcegive_

3
F5 _ p___ "

3 PL Z mL

Substitutingfor the centrifugalforce: F = P _,2r givesthe final expressionfor _fat the tipL
of the blade:

5 \z_ ,,,2r

-- __ mE __( m L2 2r _/3

u PLZ, k 3 "L Z'2HL) (4)
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This assumesthat the flow is uniformly distributed over the surface of the blade.

The calculation also assumesa parabolic velocity distribution with film thickness. The

latter assumptionis for calculation purposesand could be improvedupon by detailed investiga-

tion of the amount and distribution of moisture. As to the width of the film, the film thickness

and massaverage velocity at the tip of the blade are inversely proportional to the 1//3 power and

2/'3 power of thu film width respectively; thus, the film thickness and massaverage velocity would

be 1.26 and 1.59 times the calculated values, for full width, if the film extended over half the

width of the blade. In the case of radial distributions, with a triangular distribution of film

thickness along the height of the blade, the centrifugal force F would be roughly 0.58, the

film thickness 1.2, and the velocity 0.83 times the calculated values for constant radial thick-

ness. As to the moisture flow (rhL), the film thicknessand velocity are directly proportional to

the 1/3 power and 2//3 power of the flow.

Using the expressionsjust developed, parametric calculations for the eighth rotor of the

Yankee steamturbine and the first rotor of the two-stage potassiumturbine were carried out.

The resultsare shown in tables C-7 and C-8, respectively. The parameter varied is the fract;on

( E ) of equll |brlum moisture collected since this quantity dependsupon inputs from the rest of the

model. Note that the film velocity (_') is the massaverage at the tip of the blade.

TABLEC-7

Yankee Turbine, Eighth Rotor Liquid Flow

mL x 104 5 x 105 u

, p-s/f f R°L._k_
0,005 0.215 1.59 2.58 7.65

0.010 0.43 2.02 4.11 15.3

0.020 0.86 2.52 6.49 30,6

0.050 2.15 3.44 12.0 76.5

0.100 4.30 4.31 18.9 153.0

li-68

1967005920-087



(_) AstronuclearLabmatory

TABLEC-8

Two-Stage PotassiumTurbine, First Rotor Liquid Flow

_nL x 106 6 x 106 -u

p-s/f f fps ReL

0.005 0.284 2.64 1.50 1.92

0.010 0.567 3.33 2.38 3.83

0.020 1.134 4.16 3.78 7.66

0.050 2.84 5.68 7.0 19.15

0.100 5.67 7.15 11.03 38.30

5.2 StatorBladeMoistureTransportModel and Results

Themainequation,basedon the viscosityexpression,relates theviscousshearto the axial

force due to the stearnfriction dragandthe impingementof the moistureparticles. It isassumed

that there is a linear velocity distrlbutionwith film thicknessandthat the flow per unit blade

height (at the 3/4 section) is the averageunit flow alongthe heightof the blade. Thisassump-

tion couldbe improveduponby detailed investigationof the radial distribution. Theviscous

shearin the liquid film isgiven by:

T=iSL BY

assuminga linear velocity distribution:

umax 2ISLu
r : 6 (5)

where_andu are the film thicknessand massaveragevelocity. The flow of ilquld is

by continuity :

rhL= pL Z _u
and

u-
P LZ _ (6)

at the bladeexit positionassumingthat the flow isevenly distributedover the distanceZ

(seesketchnext page)
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Cembinlng (5) and (6) gives:

The viscous shear on the fitm ;s due to the drag of the _team and the force of the impinging

drops, _,e. :

•-. =CfPs + zTVs (8)

where the boundary layer friction coefficient (Cf) in the region of the trailing edge is

specified as:

10-0.678 H(Vpg_P ) -0"268Cr = 2 x 0.123 x (Schlichting) (9)

where g and H are boundary layer parameters.
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Equations(7) and (8) maybe combinedto g;ve:

G _ PL Z r+ mLVs , .
XZ

Thefilm ReynoldsNumber isby definition:

ReL = _ 8'_L/IJL (11)

Note that the axial forceby the dragof the vapor isspecifiedby the wall shearingstress

of the boundary layer. The axial force due to the momentumof the impingingdropsdepends

on the amountof the collection: for 1//2, 2, and 10% collection, the momentumforce is roughly

5, 20, and 1C0%of the vapordrag force(r).

As the amountof m'qsturecollected dependson inputsfromthe otherpartsof the program,

calculatedfilm plopertiesare with respectto the amountof equilibriummoisturecollected,

designatedas e . Resultsfor the two turbinesexaminedare given in tablesC-9 andC-10

following. Asshown,the film thicknessandvelocity are roughlypruportionalto the square

root of e, when e is lessthan0.05. Thevelocity (u) is the massaveragevalue at the trailing

edgeof the blade.

TABLEC-9

Yankee SteamTurbine, Ninth Stator LiquidFlow

105 _
_nL x 104 5 x u

p-s/f f fp___ ReL.

0.oo5 o.63 2.ss 0.4o4 1.55
0.010 1.26 3.56 0.585 3.1

0.020 2.53 4.81 0.869 6.23

0.050 6.30 6.75 1.54 15.5

0.100 12.6 8.22 2.54 31.0
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TABLE C-10

Two-Stage PotassiumTurbine, Second Stator Liquid Flow

rh L x 106 _ x 106 u"

, p-s/f f fl_ Rel-

0.005 0.615 0.795 0.868 0.32

0.010 1.23 3.27 3.88 5.9

0.020 2.46 4.54 5.60 11.8

0.050 6.15 6.93 9.18 29.5

0.100 12.30 9.18 13.SO 59.0

From I:m;ted data (Gardner (6) Baker(13)) it appears that there are ripples on

the surfac(_of the film when the film Reynolds Number (ReL) is greater than 4, corresponding

to _ greater than roughly 1%. These ripples probably affect the size of the drops from the

blades as discussed ;n Section D under atomization.
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PART D

ATOMIZATION AND TRAJECTORIES OF DAMAGING LIQUID

W. D. Pouchot and J. D. /411ton

1.0 INTRODUCTION AND SUMMARY

As discussedin someof the preceding sections, a small percentage of the condensate

particles passingthrough a turbine co!Iect on the stator vanes. This collected moisture is

carried to the rear of the stator vares by the drag fcrces of the main stream. At and near

the trailing edge of the stators this liquid is detached from the surface and ultimately forms

into a spray of relatively large drops. This detachment processfrom the stators is !_sbeled

"primary atomization" in conformity to the usual terminology for gas.atomized sprays.

The dropsfrom the primary atomization processare caught in the decaying wake

of the stator or into the bulk stream. In either case, mostbut not all of the primary drops

are subjected to air forces which are sufficient to disrupt them further. This additional

fracturing of the collected liquid _slabeled "secondary atomization" in conformity with gas-

atomization terminology. In previous excellent studies of the overall erosion processby

Gardner(1) and Gyarmathy (2), the simplifyi_:g assumptionis n.ade that ._!i the drops formed

by the primary atomization processesundergo secondary breakup before impacting the tu,bine

rotor. This study differs imlbonantly from these previous studies in that _n attempt is made Io

trace the history of the relatively small percentage (about 20%) of the primary drops which do

not undergosecondary breakup. Unfortunately, from the point of view of model simplifica-

tion, these big unbroken primary drops cause damage disproportionate to the percentage of

damaging liquid involved.

Before, during and subsequentto the secondary atomization process, if time is avail-

ables the drops are accelerated along the vector of the gas stream. These drops then arrive

at the inlet cf the following turbine rotor in a variety of sizes and with a dispersion of

velocities relative to the nose and le_ding edge of the. rotor blades. It is, of c_._rse, the

impacting of these dropson the rotor blades which causelthe erosion damage of concern in this

analyticaJ model.
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To calculate the erosionof damaging form, caused by this liquid, it is necessary

to know the size, relative velocity and number and location of impacts on the rotor blades

as a function of time. There are at least four different mechanismsof prir.lary atomization,

and two for secondaryatomization which have been observedexperimentally under condi-

tions related to those _nturbine stators. There is, as well, a variety of accelerational paths

provided by the velocity profiles in the stators' trailing edge wakes. To trace the history of

all these passible pathsand processeswould be a formldabie, if not impossible,

task. Becauseof this,the approach taken here(to estimate distribution of drop sizes and drop

velocities of impad)involves substantial simplification through the grossdescription of drop-

let classesbasedin par.• on empirical correlations from gas-atomlzation studies.

The focusof attention in this atomization investigation was on the processesas

they might apply in the Yankee Atomic Plant low-pressure steam turbir,e and, in particular,

to the last stage of that turbine. Nonetheless, it is felt that the observations in the steam

turbine are applicable to a _oadeF spectrumof turbine working fluids (such as the

liquid metals) of low liquid viscosity and substantial surface tension*.

The calculational procedure usedto estimate the drop sizes approaching the turbine

rotor inlet involved six steps. The first of these stepswasto estimate an average primary

drop size. The model chosenfor this purposewas the classical one of a sheet of liquid

-uffled under the impressof aerodynamic forcest the ripples developing into ligaments, and

the I|gaments in turn collapsing into drops. The derivation of the numerlca3 expressionsused

is given in Section 2°0.

Obse_ations in an actual turbine are reported in Reference 4 and in turbine-like

stationary cascadesin References4 and 3. Mechanismsof primary atomization reported

*Wetability of the liquid with respectto surfacesdoesnot seemto be an important factor.
Expor;rr,ents reported in Reference 3 seemto indicafe that under the impressof aerodynamic
forces (even where good wetting would occur in the absence of such forces) liquids tend
to be_:omenon-wetting. This is reasou,ablesince the ground state of a I!quld massin the
absen¢,, of external forces suchas gravity is a sphereand perturbations from aerocf/namic
sourc_,s_vouldtend to allow films and rivelets to "ball up".
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are: (1) stripping of massesof liquid or sheets from liquid puddles, (2) stripping or tip burst-

ing of oscillating pendant dropsattached to the stator trailing edge_ (3) eye-d_opper like

tearing of individual dropsfrom the stator trailing edge and (4) direct formation of individual

dropson the convex surface of stator by somemechanismgiving results similar to a drop of

water on a hot stove.

In none of these references is there quantitative information on the relative volumes

of liquid involved in the observedprocesses. It seemsreasonable that the tearing of masses

or sheets of liquid from the stctors involves a more important part of the total liquid available

than the other observed mechanismsof detachment. The sheet atomization model is on this

basis the logical tool for estimation of average primary drop sizes. As the information avail-

able is not conclusive, the pendant modesmay be more important than assumed. A discussion

of pendant atomization in addition to that on sheetatomization is given in Appendix 2.

An estimate of the primary drop size distribution was obtained by applying the well

known emp_ic:l drop size distribution function of Nuklyama and Tenasaw_)to the average

primary drop size. The di_tributlon function was applied assumingthat the average drop

size estimate represented the condition of maximum rate of creation of spray volume. This

latter assumptionis consistent with the assumption '.'hatthe sheet model is volume-wise the most

important of the primary atomization processesoccurring in a turbine. It should be pointed

out that usingan empirical distribution function to someextent allows for the other possible

processof primary atomization since they too will be expected to produce a distribution of drop

sizes and may well have been present in the studiesof gas atomlzc_ion of liquids to which the

Nuklyama-Tanasawa function has been applled as a correlating parameter.

To distinguish between primary dropswhich are stabl_ from origin to rotor impact

and primary dropswhich undergosecondary atomlzation_ a parametrlc time history ana!ysis of

drops in the stator Wake was carried out. (Section 3.0.) Th _,Jrametersusedwere drop size

and wake streamline path. It was assumedthat the primary drops become entrained b_ ,ivan

wake streamline and the liquid represented remains with thatstreamline until rotor impact.

The criteria for disruption of a primary drop was taken as the exceeding of a drop Weber

Number of the order of 22 at some point along the path between detachment from the stator

to impact with the rotor.
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From such parametric calculations, it was determined that primary dropsup to at

least 350 micronsin diameter would impact the Yankee ninth rotor without undergoing

secondary atomization. On the basisof the primary distribution esHmate_ dropsunder 350

microns make up about 12% of the damaging liquid flow. The remclin;ng 88% cf the damaging

liquid is then assumedto undergosecondary atomization to produce a massmenn drop

diameter according to the Wolfe and Anderson equation (13) with the massdistributed among

various size drops in accordance with the Nuk;yama and Tanasawa distribution function.

The former equation is theoretically derlved and has limited experimental confirmation. The

residual of the primary drop distribution was then added to the secondary drop distribution

to give the drop size distribution arriving at the plane of the following rotor.

All of the preceding calculations were carried out acrossa tangential slice of the

stator wake mid-way beh'leen hub and tip.

Since there is a substantial change in state conditions trot,, hub to tip of a turbine,

an approximate correction to the parametric trajectory calculations was incorporated when

using the parametric inforrnction to establish the dispersion of velocities impacting the turbine

rotor. It was assumed(Volume III) that the damaging componentof the drop impact veloc-

ities is that normal to a blade surface. In the Yankee turbine last rotor it is assumedthat

these surfacesare the noseof the blade and the leading (convex) edge of the blade. The

maximum impact velocities normal to the leading edge are substantially lower than the maxi-

mumsnormal to the noseat the vapor stagnation point according to these calculations. The

nosestagnation point normal impact velocity calculated for a 350 micron drop is 915 ft/sec at

the blade tlp. * This maximumvelocity falls to 750 ft/sec, 5 inches from the tip of the 40-

inch long blade. At the tip of the last stage the rotor blade speed is 1246 ft/sec and the

nozzle exit vapor velocity is 866 ft/sec.

J •

*Higher calculated normal impact velocities were found for the nose radius between the
stagnation paint and the convex leading edge. (See Volume I, fig. B-20)
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It can be said that the resultsof the trajectory andatomizationcalculations are

in qualitative agreementwith the sparseexperimental informationavailable. Theerosion

in the Yankee turbine ison the noseof the bladeover the last two inchesat the tip. There

is fair quantitative agreementbetween the calculated dropvelocities and thoseobservedin

a CERLof Great Britainstationarycascade(4) understateconditionssimilarto thosein the

Yankee turbine. In addition, there is an approximateagreementas to maximumsize of

primary dropwhichcan escapesecondaryatomizationas between thesecalculationsand

reportedmaximumsize of dropsobservedimpactingthe rotorof an actual Englishsteamtur-

bine(5). Also, the rangeof dropsizesse=.ndeparting fromstatorsasreportedby CERL(4)
• (3)

and the RocketdyneDivisionof North AmericanAviahon (Cant-act NAS 7-391) appears

to be about thosecalculated here.

However, to obtain an adequatecheck on this or any modelof atomization, accel-

eratlont and impingementof damagingmoisturerequiresmuchmoreextensiveandcomplete

samplingof the total sprayproducedunderturbine-llke conditionsthan hasbeendoneto

dote. 1"hereportedexperimental worEto date hasinvo!ved selectiveexamination of a

few droptrajectoriesandatomizationprocessesratherthana comprehensivesummation

in numerical termsthat describethe total spray. Sucha total summationis requiredfor

erosioncalculations.

In conclusionthen, the modelof damagingliquid historyfromstatorto rotor, pro-

posedhere, bearsa substantialresemblanceto reality in spiteof numeroussimplificatioqs

and assumptions.The quantitative degreeof validity of the modelcannotbe determined

fromthe reportedexperimentaldata available. It is recommendedthat experimentsbe

conductedto providenumericalvalues of the total characteristicsof turbinespraysrather than

the selectiveobservationscarriedout to date.

2.0 PRIMARYATOMIZATION IN TURBINES

In turbines, atomizationof collected moisturefromstatorscan occur in either one

or two stages. First, somerelatively targe dropsare detachedat or near the trailing edge of

the statorvanesunderthe influence of the gasforcespresent. Thisis shownschematically
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in figure D-1 and is labeled "primary atomization". In this figure the straight line repre-

sentsa top view oFthe trailing edge of the stator and one possiblesuccessionof stepsin

primary drop formation is indicated. Most of these primary dropswill escape the wake of

the stator bladesand be caught up in the bulk flow and further atomized possibly as depicted

in the part r,_ figure D-1 labeled "secondary atomizat[on". A substantial fraction may not

escape the wake, however, and will remain at the size formed during primary atomization.

Thesewill impinge upon the following rotor without further breakup.

The processof primary atomization from the trailing edge of stator vanes bears a

resemblanceto the atomization from whirling disc or drumatomizers for spray formation.

However, the p;ocessis much more straightforward in whirling atomizers because the

centrifugal force creating the spray is of easily determined magnitude and direction in

mostcases. _ven in whirling atomizers, however, there are three modesof atomization

reported in the literature, which depend upon flow rate. In trailing edge air atomization

because of the additional degreesof freedom available and the rather smaller force levels,

there are many more possibilities.

There are few experimental observations on primary atomization as suc'l and even

fewer in turbines or under turbine-like conditions. Somedirect observations in a turbine

were reported at the British Royal Society Meeting of Mny 27, 1965(5). In the published

summaryof these observations, the observed drop sizes from the trailing edge of the stator

are reported as being between 150 and 450 microns in diameter. The conditions of geometry

and operation of the turbine which produced the dropsare not reported in sufficient detail

in the summaryto allow a quantitative analysis of the information.

Among the available experimental observationsof primary atomization under tu_|ne-

like conditions are those recently reported by Hays(4) on someCERLresults he ._btained on

a trip to Great Britain. In this report information on atomization and m_;sture flow is given

both foranactual steam turbine and a simple steam turbine-llke cuscade. More recently

information on primary atomization in a turbine-llke cascade has been reported by

Degner(3).
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Figure D-1 Stagesof Atomization
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Mechanisms of primary atomization reported are: (1) stripping of massesof liquid

or sheetsfrom liquid puddles, (2) stripping or tip burstingof oscillating pendant drops

attached to the stator trailing edge_ and (3) eye-dropper-like tearing of ._ndivldualdrops

on the convex surface of the stator by somen_echanismgiving resultssimilar to a drop of

water on a hot stove_

Unfortunately, none of the referenced work gives quantitative information on the

relative volumesof liquid involved in the observed processes. It seemsreasonable that the

tearing of ma_sesor sheetsof liquid from i he stators involves a more important part of the

total liquid available than the other observed mechanismsof detachment. The sheet

atomization model is on this basisthe logical tool for estimation of average primary drop

sizes. As available information is insufficient for definitive conclusions, the pendant modes

may be more important than assumed. Sheet atomization is discussedin the text that follows

and pendant atomization is discussedin Appendix 2.

2. 1 Nomenclature - PrimaryAtomizationi i j i

Symbol Definition

a Spraydistribution constant

b Spray dlstribution constant

B Ligamentdiameter

Cf Stator wall friction drag coefficient

d Drop size

d An average drop size

g Gravitational constant

H Stator boundary layer form factor

r_L Massflow rate per unit of stator edge length-(Ib/sec/ft)/g
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Symbol Definition

n Spray distribution constant

N Number of drops

u Gamma function parameter

U Bulk steamvelocity

V Volume rate of spray formation

Vto t Total volume rate of spray formation

X Stator chord length

x Gamma function parameter

z Drop size

/_ Drag coefficient

5 Stator liquid film thickness

8 Stator boundary luyer form factor

), Wave length of ripples in liquid film

_-B Wave length of varicosities in ligaments

(_) Most _robable wave length

_L Density of liquid

Ps Density of vapor (bulk)

_rL Liquid surface tension

1.s Stator wall friction drag per unit area

_L Liquid viscosity

i_s Vapor viscosity

2.2 Sheet Atomization

Basedon actual turbine observations suchas those reported by Hays(4), the flow of

collected moistureover stator vane surfaces is far from uniform. The flow gathers in rivelets

or puddles which feed separated atomization sites.
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In an actual turbine, the location of the atomization points is probably influenced

by surface and vapor flow irregularities. However, even with a perfectly uniform surface,

a distribution of attachment points can be expected. Under such uniforn_surface conditions

it is to be expected that the fluid would initially start to collect in the wake of the stator

trailing edge as a roll of liquid with a cross-sectional diameter of approximately the width

(W) of the trailing edge. As is well known, s,ch a slender cylinder of liquid is unstable in

the presenceof surface tension forces and develops varlcosities along its length. The pitch

of thesevarlcoslties would then determine the atomization sltc_. The pitch (or length) of

the varicosifies would not be uniform but would have a distHbutlon of pitches. Numerically

as given by Green(6) after Raylelgh, the minimumpitch of a cylindrical instability is ?rW

and the mostprobable pitch is 4.5 W. Other pitches than these, of course, have Gstatls-
• (7)

tical probability of exmstence .

If the distance between the atomization sites becomesfairly large, the local liquid

flow rates at the site will be many times that of a uniformly distributed flow. This tfigh

local flow rate results in a thickening of the local Jiquid boundary layer and an opportunity

for the development of sufficient liquid boundary layer momentumwith ripples to give sheet

type atomization rather than pendant atomization. Thissheet type atomization is analogous

to the stage 3-type of whirling cup atomization which takes place at hlgh rates of liquid

m" (6)feed to cup or disc ato Izers . In this example of the whirling disc atomizer, the flow rate

on a uniform basis is high enough to produce sheet atomization. Such sheet atomization

could obviously also take place from wet turbine statorson a uniform or nearly uniform film

basis if the liquid flow rate is high enough. In the case of the Yankee Atomic turbine low

pressureend, sufficient collection of moistureon the ninth (and wettest) stator to produce

uniform film sheet atomization doesnot seemlikely. Sheet type atomization is probably a

result of local flow rates greater than average.
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Average Droplet Size from Sheet Atomization

Schematically_ the processof sheet atomization is assumedto be as follows:

1) The liquid film of average depth (5) flowing to_,ards the stator trailing edge

(as a result of r_ir drag forces) develops ripples of wave length (X).

B

ow
x_ STATOR

TRAILING EDGE

611131--ouB

2) This rippled film is then blown from the trailing edge of the stator and col-

lapsesinto ligaments of cross-sectlonal diameter B strung out parallel to the

trailing edge. The cross-sectlonal area of the ligament is cpprox|mately

equal to the product of the average film thickness ,_mesthe ripple wave length

or

B= V4 5 _, (1)11"
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3) The ligament _,) formed in turn develops instabi!itles of wave length (XB) along

its length a,_dcollapses into dropsof diameter (d).

J
B

, B TIME

p 0 0
611131-61B

The volume of the drop being approximately equal to a cylindrical section of

d,iameter B of length XB or:

d3 = _- 82 XB

d -- (3/2B2 ×B) I/3 (2)

As prev|ously quoted from Green(6), the mostprobable value of XB is:

X =4.5B
B

and

3B (3)d-
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Substitutingfor Bfromequation 1 into equation3 gives:

d: 2/14 _SX (4)

Theaverage liquid boundarylayer thicknessat the trailing edgeof the Yankee

Atomic turbine low pressureend, ninth stage"_tator,is given by: (eq.10, SectionC 5. 2)

- 1/2
2rhL I_L

where
Cf Ps 2

Ts 2 Us

and -0. 268

= 123) s s (.)Cf (2) (. (10-"678 H) U

An analysisby Jefferysof wind-genr'ratedgravity waveshasbeen developedby

Meyer(8) to predict the mostprobablecapillary wave length in a windblownsheet. Mayer's

expressiongives:

2/3

P s U 2 (6)S

Consldermgthe expression8/2 PsUs2 as the effective drag forceper unit area of

film_ it maybe written i_ termsof the boundarylayer calculations(neglectingfo_,,particle

impactmomentum)as:

*The equation is incorrectasshownin the SecondQuarterly ProgressReportContractNAS/-390,

WestinghouseElectricCorp., ReportWANL-?_(DD)-007, Feb. 9, 1966. Also note that _L
isdefinedm weight flow per secondper unit of traill,g edge lengthdivided by the
_/ravltationalconstant"g" whenEnglishunitsare used.
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2 2
/_PsUs = Cf P U = 2 rS S $

'_=9" 6'_ / F'L 2 Ts (7')

Substitutingin equation4 fromequations6 and7 resultsin an expressionfor an
II naverage dropsize:

1/4 i/3
-d-- 17.0( rhL VL. )] P("_s e_L (8),,,.(,+m Us

In FigureD-2 "average" dropsizesfromequation8 are presented. It may be

notedthat the dropsize predictedby equation8 appearsto becomeindependentof flow

rate at the highervaluesof flow rate examined. Thissuggeststhat a simplifiedexpression

su.:hasequation9 will be adequatefor predictingthe "average" dropsize in manyinstances.

1 (9)

PLUs _ rs

Numericalevaluationof equation9, insertingthe samevaluesfor the independent

varlables, asusedin evaluatingequation8 (figure D-2) gives:

= 630 ,,,,_.r:ms.

Examiningequation9, it will be seenthat the averagedropsize predictedvaries
2

slowly with mostof the variables except Us. Setting ._'s: : U gives the variation withs

respect t,_ U as:S
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FigureD.-2. AverageDropSize, PrimaryAtomization
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Sheet Atomization Drop Size Distribution

There is a distribution of drop sizes resulting from sheet atomization (in fact from

almost any atomization process). There is the distribution of sites (inflow rates) along the

trailing edge, the distribution of atomization wave lengths ()_) in the direction of flow,

and the distribution of cylindrical wave lengths ()_B) producing the final primary drops.

A dlstrlbotion function could be developed from the RaylelghV)'- cylindrical instability

function and the Jefferys-Mayer (8) capillary wave length function. However, an overull

empirical distribution function due to Nukiyama-Tanasawa is easier to use:

n
dN 2 -b z
dz -- az e (10)

m(9)Quot|ng from I_jtna , "Two Ja._nese investigators, S. Nukiyama and Y. Tanasa_la,

obtained extensive data on drop s!zes in spraysby air atomization, and sought to cor"elate

these data ". Their investigations indicated that a value of 2 for the

exponent of (z) effected a good correlation of the experimental data in every case, and

that exponent (n) varied but little from unity.

While other investigators, including the writer, have found that the value of the

exponent (n) may fall as low as 1/4, a numerical case can be made for the Yank_,e turbine

to consider this exponent as having a value of unity. An exponent of the order of unity

is required to get a reasonable fit between an upper size llm;t on drops(order of 1500

to 2000 m;crons) resulting from the size of the tm_lL-g edge thicknessand an unspecified

kind of average drop size from figure D-2 of the order of 500-600 microns.

Usingn.= I and writing equation 10 in termsof volume rather than number of

drops gives:

dV _ lr_ 5 -bz (11)dz _)- z e
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This equation contains two undetermined constants, (a) and (b). Constant (_) may

be determii,_d from the total volume of the spray _sing the continuity relationship once con-

stant (b) has been found. In connection with constant (b), it may be observed that if a

value of the "average" drop size corresponding I_, the most probable flow rate of figure D-2

is selected, the rate of change of volume of spray produced is a maximum with respect to

this average drop size (Zav) or,

and

0

d"V _ 7ra (e-bz) z4
7 = O- 6 (5-zb)

or, b = 5/z
NI

where z isz at (dV_ (12)m av _ max.\ /

Substituting from equation 12 in equation 11 gives:

dV 7ra 5 -5 z
dz _-- z e -- (12a)Zm

If the substitution, x = 5 z/z is made in equation 12a, it becomes:m
6

dV = -6"- x e dx (13)

X
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also V
= l(u,5) (14)

Vtot

5 zwhere u -
z v_-m

and I (u, 5) is a formof the incompletegammafunctionas tabulated in Reference10. The

ratio of cumulativeliquid volumeto total liquid volumeof a sprayis givenasa function

of dropsize in table D-1 for the ninthstator of the Yankee turbine.

TABLED-1

SprayLiquidVolumeDistributionVersusDropSize

DropSize (z)
(microns) Vz/Vt°t

100 O.0004

175 O.007

250 O.0356

350 O.12

525 = z O.38m
750 C,.72

1050 O.

1575 O.997

A smallamountof dataon statar primaryatomization, obtained fromthe British

CEGB, hasbeenreportedby Hays(4). Thisinforrr_rlonis reproducedin table D-2 for con-

ditionswhich moreor lessbracketthe conditionsat the ninth statorof the Yankee Turbine.

Thi_data cannotbe saidto confirmthe modelof primaryatomization usedherebecauseof

the low numberof dropssampled. A comparisonbetweentables D-I and D-2 isencouraging,

however.
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TABLE D-2

Data On StatorPrimaryAtomization

Bulk
Static Steam Max. Min.
Pressure Velocity No. of Size Size
(psia) (ft/sec) Drops (mlcrons) (mlcrons)

1.61 976 5 1080 460

1.72 1180 4 620 360

3.0 DROPTRAJECTORIESAND SECONDARYATOMIZATION (DOWNSTREAMOF STATORS)

3.1 Introduction

The largedropsformedat the truiling edgesof the statorsdur._ngthe primaryatomization

processundergoan accelerationand in mostcasesfurtherbreak-upbeforeentering the succeeding

rotorpassnges.It is the purposeof this sectionto showhowthe aerodynamicforcesaccelernte and

additionallybreakupthesedropletssothat whenthey impacton a rotor, the level of impoctcan
be determined.

Thesubjectmatter is presentedin the followlngorder: the mathematicalmodelused,

applicationto the ninth stageof the Yankee turbinewith a discussionof the results. Thepro-

cessesmathematicallydescribedare the forcebalance resultingin accelerationandbreakupof

the primarydrops,the averaget'me to secondarybreakupsthe criterion for secondarybreakup,

the averagesizeof dropsresultingfromsecondarybreakup,the distributionof normalimpinge-

mentvelocitieson the noseand leadingedger,Fthe rotorblades,the distributionnf sizesresult-

ing fromsecondarybreakup.

11_91
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3.2 Nomenc:lature

Symbol DefiniHon

Ad _. Crosssectional area of droplet

a Distribution function parameter

b Distribution function parameter

CD Drag coefflc lent

Db Diameter of blade

Dd Die;meterof droplet

D3_0 Mass r_ean diameter of the stripped droplets

Fd A¢_., ynamic force on droplet

Wed Droplet WeL,_- _.• _--:

V Spray volume rate

V b Veolcity of blade

Vd Velocity of droplet

_1 Normal component of droplet velocity
"dN1 relative to blade leading edge

VdN 2 Normal component of droplet velocityrelative to blade nosestagnation poin_

V Velocity of gas (steam)
g

Vre I Relative velocity

W i Droplet weight

x Length downstreamof the trailing ,_Jgeof
the stator

y Direction perpendicular to x

Yo Width of wake at x
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Symbol Definition

Y/Yo Position of droplet in wake at x

z Drop diameter

e. Angle of steam and droplet velocity to
axial direction

d Droplet viscosity

g Gas vlscosity

Pd Density of droplet

P Density of gasg

• d Droplet _urface tension

g Gravitational acceleration

hb Blade height

Red Droplet Reynolds number

t Time

' Time to start the stripping of a droplett

U Gas velocity of wake at the point
(x, y):V

g

U Gas veloclty of free strecm boundaryat the

o point (x, yo)

U/U Ratio of gas velocity in wake to free streamo
gas velocity

3.3 MATHEMATICAL MODEL

Forces

In the following analysls spherical drops are assumedwith a CD correctlo._.

The aerodynamic force Fd on a droplet is given by the relation:

Fd = Co Pg (Vrel)2 Ad (15)
2g
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2
7rDd

wherethe cross3ectionalarea is Ad - 4 and the (16)

relative velocity isVreI = Vg - Vd (17)

Thedrag coefficient CD for distorteddropletsasgiven in Reference11 is:

For0 _<Red < 80 CD = 27 (Red)-0"84 (18a)

For80 _<Red _<104 CD = 0.271 (Red) Ä� �È�(18b)

Red>104 CD = 2.0 (18c)For

A plot cf dragcoefficient (12) versusReynoldsNumber isshownin Figure D-3.

In generalthe rangeof ReynoldsNumberencount_.redin this type of problemare such

that Equation(18b) isapplicable.

ThedropletReynoldsNumber isgiven by the expression:

P Dd.q Vrel
Red= _d (19)

Newton's secondlab can also be usedto expressthe accelerating fo :_. So if the

dropletmassremainsconstant,then:

Wd d Vd
Fd - (20)g dt

Theweight of a droplet is:

T

Wd - 6 Dd3 Pd (21)

CombiningEquations(15), (16), (20), and (21) gives:

7r _r d Vd
Fd CD 8g Dd2 Pg(Vrel)2 -_'_'-g Dd Pdt-"dt--- (22)

d Vd Pg (Vrel)2 (23)
dt _3 CDPd
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Since the second derivative of the distance x traveled with respe"t to time t is equal

to the droplet acceleration or the first derivative of the droplet velocity with respect to time,

then:

d2x dV d p (Vrel) 2
- -0.75 CO g (24)

dt 2 dt Pd Dd

Equation (24) is a secondorder, nonlinear, ordincry differential equation with variable

coefficients and is bestsolved by numerical integration techniques. ANALC'G-ALGOL was

usedto obtain rapid resultsfor a number of cases. (See Appendix 4 for computer programdlscussio

Secondary BreakupCriteri6_. The Weber number is indicative of droplet ._ability (1 2)' . It is

calculated by:
2

Wed= P_(Vrel) Dd
g _d (25)

When the Weber number exceeds a critical value (of the order of 13-22), the drop will

start to break up into smaller droplets.
I

Time to Disruption_. An expressionfor the time t to the start of the disruption of

water dropsas derived from Reference 13 information is:

t = 1.1 Dd Pd (26)

Mean Diameter Secondary Drops. The massmean diameter D3. 0 of the secondary drops
I

which are stripped fLom the primary dropsof '" "alame,er Dd during t ) t is taken from Wolfe and
Andersen(13) as:

136g3/2 Isd ¢ d3/2 DdI/2 ] I/3

= (27)
D3-0 2 I/2 _j 4

Pg Pd _'rel
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Secondary Drop Size DistribJtion. The secondary drop size distri_Jtion was 6etermined

using the empirical relationship of Nuklyoma und Tanasawa(9) for gas atom;zeal liquids:

5 bzn
dV = ira z e- (28)
dz 6

The value of n was taken equal to 1.0 on the same basisas previously discussed in connection

with primary atomization.

Normal Impactson Rotor Blades. According to knowledgeable opinion such as

Reference 14 (also Volume Ill) it is the normal component of the impacting drop velocity

against the rotor blade which causes erosion and the tangential component can be neglected.

Hence, if the drops have been accelerated to the free stream velocity, little erosion should be

expected as turbine blading is usually designed so thut the vapor slices along the blades cleanly.

Since in most turbine designs, there is not sufficient space bet_veenrotor and stator

to allow coraplete acceleration of the liquid torn from the stator, the dropshave damaging

velocity componentsnormal to the nose and leading edge of the rotor blades.

In Reference 1 Gardner gives the following expression for droplet impact velocity

normal to the leading edge of the rotor blade:

VdN 1 cos a (29)m

-2 ==.=+11J

A similar expression for droplet in,poct velocity no;'mal to the nose of the rotor blade at

the stagnation point is-

|

v%v ul y,UoVd - _'O -2 _'Tb-b) sina +1
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3.4 Applicationor"Model to Y_nkee TurbineNinth Stage

The mathematicalexpressionsof the modelhave beenusedin conjunction with the

wake _formation of the previoussectionfo calculate a setof valuesof the dropsizesand

velocitiesof the damagingliquid impactingthe Yankee ninth rotor blades.

The wake informationusedisgiven in f|gure_ D-4, D-5, and D-6. Asdiscussedin

SectionC, the thicknessYo of the wake fromthe trailing edgeof a 5_t_,r .Is_ furlction of

x as shownin figure D-4. The ratio (U/Uo) of the steamvelocity in the w,wketo the free

a._a para-steamvelocity is plottedversu_x for the press'sreandsuctionsideswith Y/Yo
meterin figuresD-5 and D-6.
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Trajectory Calculations. In performing the computations, it was assumedthat the droplets

(on,:,etorn off the stator)were to migrate in the wake untlt they arrived at a position of x=3/8"

with a downstreamvelocity of essentially zero. Then they were accelerated by the aerodynamic

forcesalong a constant Y/Yo path. Three values of Y/Yo were chosenas representative droplet

paths for both the pressureand suction sides: 1.0, 0.2, and 0.01. Te reduce technici,_n plotting

time, a computer printout is in someinstancesselected to display plots of: droplet veloc;ry,

Reynoldst,Jumber, Weber Number, and (U° - Vd) versusdistance x traveled and x ver_.ustime.

It should be realized thc:tsince a line printer can not "half-space", the resulting points may be

sl!ghtly in error--but the overall trend is usually quite apparent. All calculations are for the

exit conditions of the ninth stator of the Yankee Atomic Turbine.

Initially, seven droplet diameterswerecl'.asenandthe symbols"l", "2", "3" "4", "5" "6"_

and "7" correspondto droplet diame_rs of 100, 200, 300, 400, 600, 1000, and 1400 microns,

respectively. Figures D-'7 through D-11 show typi"al plots of droplet velocity, vapor velocity

minusdrop velocity, Reynolds Number, and Weber Number versusdistance x traveled and x

versustime t of travel for various values of Y/Yo"

A comparisonof the calculated droplet velocity and size with experimental CERL data

in Reference 4 from a steamtunnel showsfair agreement even though the test cond ions are only

approximately equivalent to those of the Yankee Atomic Turbine ninth stator exit. Figure D-12

_ndlcatesthat perhapsa better initial starting point for the droplets would be 1/4 inch rather

than the 3/8 inch as was assumed. However, it should be noted that the trailing edge thickness

of the ninth stator of the Yankee Atomic Turbine is 0.077 inch,whereas the CERL blade was

approximately 1/16 inch.

Fromthese plots (and others not shown) the following may be concluded for the droplets

torn off the ninth stator:

1) Smaller droplets are accelerated faster than are larger droplets.

2) Droplet Reynoldsnumbersranged from appi._ximately 100 to 3500.

3) Droplet Weber numbersranged from approximately 1 to 174.
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4) Assuminga critical W'eber numberof 227 the maximumstable droplet dzameter appears

to be 300 - 400 micronsc_ependingon the position (y/yo) in the wake.

5) In order for droplets from the ninth stator to hlt the ninth rotor, they musttravel

through a distance of about 4.25 inches. For a 350 micron diameter droplet it would

take from 3.2 to 6.7 msec to reach the rotor. The time t' to initiate strippir ' as

calculated using Equation 26 varies from 0.15 to 0.20 msec. The reason for the

variations is due to the position from which the droplet started in the wake. It is

estimated that stripping (if it occurs) would be essentially complete by 2.5 t'. It

is therefore concluded ,%.atstripping will decrease the droplet size so that the

largest diameter hitting the ninth rotor will be of the order of 350 microns.

6) The massmean di,Jmeter of the droplets produced by the aerodynamic breakup of

a liquid drop of diameter_>350ti varies from 22.5 H to 80H, depending upon the

initial diameter before s;ripping and its relative velocity (which in turn depends

upon the initial starting point in the wake). Equation 27 is used for these calcula-

tions. An upper bound on the diameter of drops torn off the stator is assumedto

be 1600H. Hence, if_tripping occurs, it will be complete before approx-

imately 0.5 msechave elapsed. During this short interval, the droplets will n_f I_e

accelerated appreciably, the,-efore, Vre I __U.

Conclusion 6 allows a simplification in model calculations. It indicates that from a

practical view of the impact velocities of various dropswith the following rotor that all drops

can be considered to have originated at the sametime and axial locations. Usingthe assumption

and the parametric drop trajectory calculations plus Equations 29 and 30, the normal velocities

of damaging impact, VdN 1, VdN 2, with the following rotor have been calculated.* These

resultsare displayed in figures D-13 and D-14. Figure D-J3 gives the calculated minimum

velocity of impact and figure D-14, the calculated maximumvelocity of impact for various

drop sizes as a function of rotor blade length rneasuredfrom the hub. The possiblevelocities

of impact for a given drop size vary depending upon the particular streamline followed by the
i ....

* The maximum impact normal to the blade surface is on the nose radius between the

nor_ stagnation point and the convex side leading edge. Thisvelocity is equal to

(VdN])2 + (VdN2)2.
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drop with respect to the wake of the stator. The information presented in figures D-13 and D-14

accurately reflects the changes in bulk stream velocity and rotor blade speed along the blade

length from the standpoint of equations 29 and 30. However, the parametric drop traiectory

calculations were only carried out at mid-span of the blade. The final drop velociHes at other

spanwise locations were obtained by correcting the mld-span values in the ratio of the square

roots of the initial accelerating forces. This is a reasonable procedure since the large drops

of fflterest are always substantially below vapor stream velocity. No corrections were macle

for three aimenslonal effects such as a blade tip vortex.

The calculated maximum and minimum axial length of the convex surface of the rotor

over which the drops impact is shown in figures D-15and D-16. The qualifying remarks made

with respect to the normal impact velocities also apply to the axial impact length calculations.

Drop Size Distribution at Turbine Rotor. On the basis of the trajectory calculations it

was concluded that almost all the drops formed by primary atomization above 350 microns would

undergo further breakup if the critical Weber Number is taken at 22.* From table 1 of the primary

atomization discussion (Section D), these larger drops are 88 % by weight of the total damaging

liquid flow and have a massaverage** diameter of 640 microns (2.1 (10-3)ft).

Applying the Wolfe and Anderson expression (equation 27) for secondary atomization to

this diameter of 640 microns yields a massmean diameter after secondary atomization of 48

microns. The state conditions used in the calculation were those at mid-span of the outlet

of the ninth stator. In addition the value of Vre I was assumed,on the basisof an intuitive

examination of figures D-3 and D-4, to be 0.78 Uo. This value agrees with the intuitive

judgement of Gardner.

Applying the Nukiyama-Tanasawa distribution function, equation 28, to the massmean

diameter and adding the secondarydistribution to the residual of unbrokendropsfrom the primary

atomization process(Dp< 350 microns) gives a drop size distribution approaching the ninth rotor.
The distribution obtained is shown in figure D--17.

* The results of erosion calculations where 400p drop diameter was taken as the upper limit
are reported in Vol. I as well as these calculations. The 400p diameter calculations give
better agreement with the obsewvederosion. However, 350_ diameter is a better average size
between suction and pressureside wake calculations. (see figures D-ga and D-9b.)

* 50 % of the 88% is in drops larger than the "average" diameter.
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APPENDIX 2 A

DROP FORMATION BY "SQUIRT GUN" ATOMIZATION

Observationson pendant drop atomization in a turbine-like stationary cascade have

been madeat the CERLof Great Britain. A description of a pendant drop atomization process

basedon this work has been published by Hays.

That the atomization processis indeed complex is illustrated in figure2A-1 which is

taken directly from Hayes report. As shown in this figure, liquid collects as a large drop on

the trailing edge of a vane, the pendant drop then oscillates with increasing amplitude

until disrupted. After disruption, several dropsare given up from the tip. Upon release

of the drops, the pendant drop shrinks, atomization ceases, and the buildup processbegins

again.

Hays commentsupon the CERL cascade results are as follows: "The quantitative results

obtained may have been influenced by the specific blade design to the extent that they

are not representative of what occurs in a well designed turbine. " Figure 2A-2, taken

directly from Hays' report, is a sketch of the blade profile tested at CERL.

There are several prominent breaks in the profile of the suction surface which can

cause flow separation and low velocity regions that would not be present in well designedand

constructedturbines. However, the breaks are on the suction surface where boundary layers

will be quite thick in any case, and not on the pressuresurface with its relatively thin

boundary layer. Becauseof the normal difference in boundary layer thickness, it would

be expected that the air forces causing pendant drop atomization would be more influenced

by changesin the pressures|de than in s_ction side forces. The results may be reasonably

applicable in termsof the actual atomization processin turbines with the exception of the

effects of fluid distribution.

5
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VAPOR FLOW

1/16"I _ STEP I

"___ STEpz

NOTES

I PERIOD OF OSCILLATIONS ,_,2-5 MILLISECONDS

2 _5-10 DROPLETS SHED FOR EACH CYCLE

STEP 3 3 _-,5-10 OSCILLATIONS PER CYCLE
4 VAPOR VELOCITY 700-1000 FPS

.5 DROPLET SIZE 360-1700 MICRONS

6 NON-WETTING OF SOLID SURFACES BY DROPLETS

STEP 4

STEP 5

Q o E' 0 _---_/j _ )/o

Figure2A-1. ObservedStagesin DropletSheddingProcessfromTrailing Edgeof
Nozzle Blade
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SHARP
BREAK

SHARP _ _
BREAK

_/_ VAPOR
VAPOR ...f FLOW

FLOW ..t

I/i6 in.

Figure2A-2. Schematicof CERLNozzle BladeTestedin SteamTunnelShowing
Areas of Droplet Attachment and Featuresof Design

A possibleexplanation of the atomization processfrom the swinging pendant drop is

that a: the dropgrowsin size under influx of liquid, itscmplltude of vibration also increases.

Ever,_ually,the tip of the drop protrudesfar enough into the boundary layer so that the air

velocities impinging on and passingover it within the time of swingavailable are sufficient

to strip the drop. This stripping action is similar to the stripping of a large drop of liquid

suddenlyexposedto a high velocity gasstream.

Consideredin detail, this concept encountersdifficulties. First, there is the

swingingof the drop in a pendulum mode. Thisaction implies a vibration at the

natural frequency of the pendantdrop occasioned by a negative lift coefficient with angle

of attack (or selective tuning to turbulent pulsesin the gas flow). Assuminga negative

lift coefficlenb gives a net force on the drop in the plane of swing in the wrong direction

for strippingto occur from the air forces in the boundary layer into which the drop is pro-

tr,Jding(but in the right direction to causean oscillcHon).

An expressionfor the natural frequencyof sucha pendulumdrop is derived in

Appendix1C. Numerical evaluatlon of thisexpressiongivesa periodof vibration twice

that reportedby Hays (figure2A-1). However, consideringthe approximationsinvolved in

the derivation, this numericaldifferencecan be consideredassupportingevidence for an

assumptionof natural frequencyoscillation.
7
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A second difficulty with the tip stripping concept is the verbally reported observa--

tlon by Hays that the drop remainsmotionlessduring ejection of the droplets at the tip ct

some angle of attack with respect to the bu_kgas flow direction. This implies that the forces

on the drop are largely directed along the axis of the drop during the eiection process. If

stripping were the mechanismof removalt it would seem that a force of magnitude and direction

to strip fhe arop should have a component of sufficient magnitude to Now the ejecflng

pendant back into the shadowof the trailing edge. In the absence of suchan air force_

the drop stopsswinging because tip rupture removesthe surface terlsion forces which return

the droptowards its null position.

A start on a stripping model of atomlz_:tio.,_is included as Appendix 2B. This work

was discontinued in favor of what might be called a "squirt gun" model,

"Squirt Gun" Pendant Atomization Model

Nomenclature

Symb£/ Definition

c Pendant drop transverseflow zone length

Cf Stator wall friction drag coefficient

d Drop:size

An average a,,:? size

dt Diameter of tip r-'pture
D Rotor diameter

g Gravitational constant

h Axial flow zone length

J_ Pendant drop length

1/2 .,',_ flow rate into p.3ndant_rop per unit width

_P Pressuredifferential over pendant drop tip

t Time

Us Bulk steam velocity
m

uf _,ve,age velocity of liquid entering a pendant drop
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!__.ymbol Definition

V Velocity of liquid at (or just underneath) the
s surface of pendant droo

W Stator trailing edge thickness

w Pendantdrop axial flow zone width

PL Densityof liquid

Ps Densityof vapor (bulk)

eL Liquidsurfacetension

rs Statorwall friction dragper unit area

HL Liquidviscosity
Rotorangularvelocity

In the "squirt gun" model, as the pendant dropgrows_nI*c,ngth, the air force on

the dropoisoin:reasesbecauseof the increasein surfacearea. Thisincreasedair forceon

the drop is reflected notonly in an increasedtotal force tendingto tear the complete

pendantfromits attachmentto the statortrailing edge, but is also reflected in increased

internal pressureon the pendantdroptip.

It isassumedthat thissurfacepressureto tip pressuretranslationoccursthrough

circulationssetupwithin the drop by the air (in effect) draggingthe surfaceof the I_quid

alongwith it. Suchcirculationscan be setup in soapbubblefilms by flowingair across

themandwithoutdisruptingthe bubble. It isnot knownwhetherthis is also true for a small

pendantdropof water but it se,..mslikely that suchcirculationscould comeaboutthrough

rippling of the surface. The:processis depictedschematicallyin the followingfigure.

9
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TIME 611131-63B

As the drop grows in length under the influx of liquid, the pressureson the tip of

the drop increase until a _ocal protrusiondevelops. This protrusion enlarges wifl_ time

until the pressureforce on the projected area of the protrusion exceeds the local surface

tension forces around its rim. When this crlticad condition is reached, the surface ruptures

and a streamof liquid squirtsout. This initially cylindrical stream of liquid develops

varicosities which pinch off into a parade of drops.

Equating the pressure65P) forces and surface tension (eL) forces gives an

expression for (dt) in termsof these forces:

4%
dt - 6p (1)

According to Raylelgh, as quoted in Green(6), the mostprobable pitch of the

varlcosities is 4.5 times the cylindrical diameter (dt). Using this relation, the diameter

(d) of an average drop can be written in terms of the pressureand surface tension as:

aL
d= 7.45 (2)

10
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This "squirt gun" model is appllcable_ in general terms_ to atomization from a

whirling cup or disk atomizer when the feed rate is low enough so that dropsoriginate at

discretely spaced pointsabout the rim of the disk or cup. The difference between the two

atomization processesbeing in 'he origin of the forces causing tip pressure. For the whirl-

ing disk this origin is the centrifugal force on the liquid (inlet momentumis negligible in

comparison) from rotation. _nthe trailing edge pendant the forces originate from the inlet

momentumand the air friction forces on sidesof the pendant drop.

As noted previously_ there are three modesof atomization re_'_0rteafor whirling

disc atomizerst depending upon flow rate. The first stage occurs at low rates of flow (for

discs) and the dropsdepart the disc singly. A secondstage occurs at somewhathigher rates

of flow. In the secondstage_ the fluid departs the disc as visible ligament which then breaks

into drops.

From the description of Hays it would appear that the CERL testson stator vane

atomization correspondto Stage 1 1/2. The chief difference in the end resultsbetween

Stages 1 and 2 atomization in whirling discs is a greater dispersion of drop sizes from the

average in Stage 2 than Stage 1.

Am empirical expressiongiven by Green for Stage 1 atomization in disc atomizers

is:

f ,q L (3)d=3.8 _ •

 PLD
The pressureon _he tip of a drop of liquid a,, it whirls around ettached to the rim of

a disc is given by:

Q
_P= "2- (PL D_2) (4)

Where _ is the length of the pendant drop in the direction of the centrifugal force.

11
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Substituting this expressionin equation 3 gives:

_P

Equation 5 can be used to empirically relate the "squirt gun" model to reality by

eliminating d between equations 2 and 5 and solving for _. Thisgives:

_rL (6)_ = 7.6 _--_-

Comparing equation 6 with equation 2 reveals thah

=1.02d

That is the average size or dropsejected from a pendent d_,_pare directly propor-

tional to the length of the penc_nt.

Appllcation "Squirt G,_r'" "'omization Model to Trailing ;'_,:_:_Pendant Urop

A meansof applying the ;'_,u|rt gun" model to a stator ,_-: ;_lg edge pendant drop

is discussed. A systemof eight equati.:_nsresults even thou_ ,_:i:._Jntial simpl;fying assump-

tions are used:

Consider a pendant dropt suchas described by Hc.,y_(_), attached to a thick trail-

ing edge suchas found in large Central Station Steam Tur_:Jines.It is assumedthat the

pendant drop contains circulating flows causedby drag forces from the steam vapor flowing

past. Such a situation is depicted in the following figure.

12
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STEAM _ , _.
FLO_V _ J

I CARTWHEEL
uf GAS FORCE _D..- ROTATION

WATER _ t ._.J_ _ !

_i I -"" t

W

1° )
w/4

_V
S

I
C

,,_- W _

PENDANT DROP 611131-64B

As this drop grows from an influx of water from surface of the stator, the pressureon the

tip of the drop is increasing because the surface area of the drop exposed to drag forces is

increasing. When this drop reaches some critical value of tip pressur_ differential, a stream

of Jlquid shoots out and breaks inlo drops. The pendant shrinks during this process, flow from

the drop tip ceasest and the cycle starts over again.

Geome_tric assumptions aLout the drop are: (1) that the width of the cylindrical

cross-section of the drop is equal ro the trailing edge thickness, (2) the circulations are

symmetric about the center line of the stator trailing edge and have a half-width of 1/4 the

trailing edge thlcknesst (3) the flow zones within the drop, from tip to basen consist :Jr a

rotating flow zc:'m of dimension (W/4)0 an axial flow zone of dimension (.h) a rotating

flow zone of dimension (W/4)e and a spacing zone (c) with a net transverse flow per side.

The total length dimension (_ of the pendant being equal to the sum of the axiol lengths

of the respective zone_.

Fluid dynamic assumptions about the drop are: (1) that the interr_l flow is Jamlr_r,

has linear velocity gradients and has a maximum velocity (Vs) at the surface of the drop,

13
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(2) that the rotating flow zones contain a cartwheel type rotation and (3) the gas force is

all attributable to frictional drag on the surface of the drop of the samevalue c_ if the

drop wasa solid stationary surface. Of this latter assumotionit can be said that it ignores

the increase in drag forcesthat probably result from the drop oscillating into the boundary

layers but it also ignores the reduction in drag force from the movement of the liquid. These

two effects, at least in part, shouldbe compensating.

An additional assumptionmade in this appl;_'ation is that conside_atlonof the forces

and fluid movementsover a central slice of the drop (two dimensional analysis.) is adequate.

A justification for this is that the break-through hole in the drop tip will be of relatively

small dimensioncompared to the total cylindrical diameter of the pendant.

Considering only half the drop, since it is assumedsymmetrical about the trailing

edge centerllne, .theprimary equations an:

Overall Momentum

s + _ (7)I_'-#LVs 4h 2 dV 4 -s "W" -/_L Vs = _- r_, t d--"t'- _" - u f
T

Tip pressurefrom cartwheel rotation:

2 (8)
AP = 1/2 PL Vs "

Gas friction force per unit drop surface:

Cf 2
T = p U (9)

S "_ S S

Energy equation (overall):

s s s s _ = _ tV s _-_- _-_ -_ (I0)

14

1967005920-152



(_ AslronuclearLaboratory

'.'L,_,'_,"nuity:

w29. (_I)r_t--M_, PL -4-

Geometry:

W
_ =c+-_-+ h (12)

"Squirt Gun" atomization model relations

eL
,_=7.6EF (13)

J_=1.02d (14)

When theseequationswere solved for the geometric variables c and h, it wasdiscovered

that h could never take on a r_.al positive value. Thegeometry of the pendant drop was there-

fore changed to eliminate axial length h or:

W
= c + 2 (15)

Using the new geometric relation (equation 15), a solution for drop diameter d wassought.

The relationship (equation 16)wasdeveloped.

(d) PL 14.9

15
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APPENDIX 2 B

DROP FORMATION BY "TIP STRIPPING"

As discussed in Appendix 2A_a possible mechanism of atomization from a pendant drop

attached to the trailing edge of a turbine stator is by "tip stripping". This appendix presents

a partial analysis of such a mechanism.

Assume the _ndulum drop to be swinging at a frequency close to its natural frequency.

[This could be as a result of a _lective tuning to certain noise components of the turbulent

boundary layer or because the lift coefficient has a negative slope with angle of attack. This

latter condition could arise from the non-steady nature of the flow about the drop.] An

approximate expression for the period of vibration of the drop (as derived in Appendix 2c)

is:

/ OL a3

-- 2" I .... (1)1"n

-_- 2
10_r + 15//4 gpL a

where

a - one-hall: the thickness of the trailing edge.

g = co., ponent of gravity oriented normal to the face of the trailing edge

Pl = density of the liquid of the drop

¢ = surface tension of the drop

f - natural period of vibration of the dropn

As the drop swing increases in amplitude, the tip will eventually protrude into the

boundary far enoughand will remain there long enough, either during a single cycle or a

successionof cycles, to encounter a summation of forces sufficient to disrupt the tip a.d strip

off liquid. This liquid will then collapse into drops of smaller size than the original pendulum

drop. This, of course, assumesthat the boundary layers are thin enough relative to the size

of the pendulum drop so that the stripping mechanism can occur before the entire drop is torn

off.

16
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As is well known, tk.=dlsruFHonof a dr._peven when exposedsuddenly to a high

relative velocity is not instantaneous, but takes a finite time to occur. This time can be

divided i,,to two periods: the time fro_ in,tlation of the processuntil _trlpplng starts, and

the time from the start of stripping until disruption is complete. An expressionfor the time

to start of disruption of water dropsbased on exper;mental information presented in Wolfe-

Andersen(13) is:

t1 = 1.1 (2)

where

t] = time to start the stripping of a drop
d = diameter of the drop being stripped

P

U -' relative velociiy between the drop and vapor into which the drop has

been suddenly introduced

Pv = vapor density r

PL = liquid density

Under the conditions of dp, U, etc., represented by equation 2, the massmean diameter

of the secondary dropswhich will be stripped from the primary drops, during t > t1, is given

by Wolfe and Andersen as"

1/3

136g3/2k a/2dp1/2d = (3)
mn 2 1/2 U4p P

v L

where

d = massmean diameter o_ the stripped dropletsmn

L = viscosity of the liquid

(The other symbolshave been defined previously.)

17

1967005920-155



_ AsfronuclearLaboratory

Making the additional assumptions that:

d ~ 2a (4)
P

t, "-" K r (5)
I n

2
10_ >> 15/4 "_" p La

Equations 1 and 2 can be solved for a velocity (U) and the appropriate substitutions

made in equation 3:

1/3

= a -- (6)
mn P Gr

Tkls expression involves only the trailing edge thickness of the stator and the liquid

propertiesand is independent of the vapor ilow conditions. This is basedon the assumptions

made in the derivation that the bulk velocity of the vapor substantially exceeds an average

velocity (U) necessaryto strip the drop. It is _nterestingto note that the vapo_ density

cancelled out. There is, of course, the unknown K in equation 6, but there ;s no particular

reason to prefer one value over another. Probably the minimum value of K is a function of

the gas forces in the form of a Weber Number and,to a lesserextent, of blade Reynolds

Number and geometry. The reasoning is that the amplitude of the disrupting mechanism

as well as the amplitude of the drop could build up over a number of cycles if the available

gas forces are low due to flow periodicity or low values of bulk parameters. That is, the

disruptions resulting in stripping do not necessarily have to be active only within the period

near the maximumgasvelocity exposureduring a single cycle if bath damping and gas forces

are low.

18
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If K = 1, (the effective time of disruptionequalsone periodic swingof the drop) and:

= 1/32 in = 2.6 (10-3 )ft

L = 14.7 (10-6) Ib - sec/ft2

PL = 1.94 Ib - sec2/ft 4

¢ = 48 (10-4) ib/ft

then:

d = 18.7 (10-4) ft = 571 (10-6) metersmn

IlK = 2: d = 1430 (10-6 ) meters and ifK = 3, the drop should detach asamn
whole.

19
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APPENDIX2 C

NATURAL FREQUENCYOF A PENDULUMDROP(OF WATER)

Assumethat a dropof kemisphericalshapeattached to a solid surfaceis oscillating in

a mannersimilarto a pendulumin the planeof the paperasshownin figure 2C-1. Also

assume:(1) that the displacementsare smallenoughsothat a simpleharmonicmotionresults,

(2) Raylelgh'sapproximation(thedisplacementincreaseslinearly with radius)holds, (3) the

surfacetensionforces(at any locationy < a) have the net componentacting parallel to the

rotatedcenterline, (4) nogravity forces, (5) coordinatesof pointson the dropletsurface

maybe related by the equationof a circle (distortedconditionsincluded)and (6) nodamp-

ing.

Bythe secondandthird assumptions,thereexlsi'sa restoringforcewhich isproportional

to the displacementof the dropin the planeof oscillation andan approximateequationfor

the maximumpotential energyat the extremalof swing:

y "- a

21re 2 /2 2 2

(P'E')max - 3 Xo JY dy = _-_-_Xo (1)a
y = o

where _ris the surfacetensionof the I;quld.

The approximatemaximumkinetic energy is:

- 2 7r(a2 _y2) a7- (x° _ ) dy
y =O

PL 2 2 3 (2)
= ,,_ x _ a

O

where

PL = densityof the liquid

= is the circular frequency of the simple harmonic motion.

2O
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FIXED z

SOLID

.SURFACE
DROP
SLIGHTLY

HEMISPHERICAL DISTORTED

o_oP -_ _ _. _

°r-
_--X

SIMPLEHARMONIC MOTION
ABOUT HEMISPHERICALPOSITION
WITH MAXIMUM TIP AMPLI-

TUDE- Xo

610787-1A

Figure2C-1. PendulumDrop
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Equatir_gthe maximumkinetic andpotential energiesand solvingfor the circular

frequency(_) gives:

10q"

= - -- (3)
Pl a3

Bydefiniticn, the periodof vibration (r) is:

2_r PLa
_"- - 2_" (4)

Equation5 gives the natural periodof vibration of the pendulumdropin the absence

of gravity. In the presenceof gravity this natural periodwill be different dependingupon

the orientationof thedropwith respectto gravity, since restoringforcesoverandabove

thoseof surfacetensionmaybe available.

Assumea gravitational field of 1.0 g directeddownwardsand perpendicularto the

fixed solidsurfaceof figure 2C-1 (otherconditionsremainingthe sameas for the zero gravity

case). With gravity acting there isan additional restoringforceper unit of dropmassequal

to g 8 anda correspondingincreasein the maximumpotential energyof the swingingdrop.

Thisincreasein maximumpotential energy(PE)gmax is:
2

g PL_rXo 2
..(PE)gmax - 4 a (5)

The total maximumpotential energythen is:

2

2 2_8 9 PL a--(PE)maxtot. = lr Xo _ ¢ + 4 (6)

Equatingthis to the max=mumkinetic energy (eq. 2) gives:

/io ....

2
• + 15/4g pL a

3 (7)
PL a

22
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3

PL a
r = 2_r (8)

10= + 15/4 g Pka2

ife = 0,

then:

T = • _/g (9)

Hays(4)In an example given by water dropsattached to the trailing edge of a blade in

a steamcascaderig were observedto swing pendulously with a period of 2 to 3 millisecor,'Js,

The orientation of the face of the trailing edge with respect to gravity is shownpictorially as

intermediate between perrendicular and parallel to gravity. The trail;ng edge thickness is

given asapproximately 1/16 inch. Assumingthat:

2 a = 1/16 in. = trailing edge thickness, a = 2.6 (10-3 ) ft

PL = 1.94 Ib-sec2/ft 4

= 48 (10-4) Ib/ft

g = 32.2 ft/sec2

Then, if gravity acts normal to the face of the trailing edge, the period of vibration

0") calculated usingequatlon 8 is 5.4 milliseconds.

The numericalevaluation indlcated that the gravitational term isof small importance

even with this large size drop. The difference between the observedperiodsof vibration

and the calculated natural period of vibration may be becauseof the approxlmc,'ions intro-

duced in derivlng an expressionfor natural frequency or becausethe drop is being drlven at

higher than natural frequency by a periodic aerodynamicforcing function of high frequency.

The latter caseseemsunlikely.

23
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APPENDIX 3

COLLECTION OF MOISTUREON THECONCAVE SIDE OF THE BLADE

F X)

-J
"" CAPTUREPARTICLI S
O CURVE
M.

L PARTICLE $

X

INCIDENT STEAM, _._
MOISTUREFLOW

The concavesurfaceof the blade isapproximatedby the third degreepolynomial

F (x)= A1X + A3 X3 (1)

Thecoefficientsare specifiedby the inlet angle andthe exit point as:

F' (o) = A1 = (S# -_')/W (2)

F(W) S0-,_ �AjW3= = S#;A3 _,/W3 (3)

24
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_ssumethat the path of the steam is i'he sameas the blade surface shap,_;_hen, the

path and direction of the steam flow is:

F (X)s = A 1 X + A 3 X 3, (4)

F' (X)s = A 1 + 3 A 3 X 2 (5)

Where constantsA 1 and A 3 are as defined by equations 2 and 3, and the subscript s is for

the vapor.

The path of the moisture particles is related to that of the vapor by the conventional

tmjectory equations:

• CDRe CD, slip flow 91ss

Vt - 24 CD 2 PL r2 (Ut - Vt) - tangential (6)

• CDR
V = e CD, slip flow 9 Is s

a 24 CD 2 PL r2 (Ua - Va) - axial

Where U and V are the absolute vapor and particle velocity.

Assumethat the vapor and particle axial velocity are equal and constant:

U = V = const.
a a

By ,_hisassumptionthe particle acceleration is described in equation 6, and noting that.

Ut = Va F'(X)s (7)

Vt = Va F'(X)L (8)

• 2

Vt = V F" (X) La (Y_,

25
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where subscriptss and L are f_,r vapor and moisture particles. By substituting in equation 6:

W F" (X)L = (1/K c) (F'(X) s - F'(X) L) (10)

where Kc, the inertia parameter, is as follows:

24 CD 2 PL r2 Va
K - (11)

c CD R 9P We CD, slip flow s

Substituting in equation 5 yields:

WF" (X) L + (1/K c) F'(X) L = (1/K c) (A 1 + 3A 3X 2) (12)

This is the fi:'ml differential equation of motion for the moisture particles.

Integrating equat!on 12 gives the following general solution:

F(x)L = C 1 + C2e-X/(WKc) + A3X 3 - 3A 3W Kc X2 + (A1 + 6A 3W 2Kc2)"

W K + 6A3W2 2)- c (AI K (13)C

ConstantsC 1 and C2 are determined by the following boundary conditions:

1) the direction of flow of the vapor and moisture particles are the sameat the blade

inlet position; thus, by equation 5, F'(o) L = F l(O)s = A 1

2) the end point position of the capture particle curve, is coincident with the blocle

surface point at the trailing edge, thus by equation 3, F (W) L = F (W) = SO .

26
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Solving for C 1and C2 and substituting in equution 13gives the following equation for
the capture particle curve:

F(x)L = 6A 3W 3Kc3 (1 - e-1/Kc) + _k3(x 3 .- W3) - 3A 3K cW (X2 - W2)

+ (A1 + 6A 3Kc 2W2) (X - W) + S,) (I4)

The inlet width of the _.aptureband isspecified by the value of equation 14 for the inlet

of blade as:

F(o)L = 6A 3Kc 3W3(1 - e-1/Kc). - A3W3 + 3A 3Kc w3

-(A] + 6A3 Kc2W 2) W + S0 (15)

Substitutingfor A 1andA3 (equations2 and 3) in equations14and 15 gives the final equations
for captureparticle curve andfor the referredinlet width of the band.

F(X)L/_' = 6Kc3 (e(-1/Kc)(X/W)_e-1/Kc)+(X/W)3 _ 3Kc (X/W)2

2 2
+ ((S0/,lk")+ 6K - 1) (X/W) + 3K -6K (1,4a)C C C

3 e-l'/Kc) - 6K 2 + 3K (15a)F(o)L/_ = 6K (1 -C C C

F(O)L/,,$',_,3K : K<.03= 3K 6K 2
- : K <. 10 (15b)

C C C C C

where the inertia parameterK is:c

?.4 CD 2 PL1"2Va
K = W

c CD Re CD, slip flow 9 Hs

27
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Note that the referred inlet widthof the bandis, in effect, the referredcollection efficiency.

Theaboveequationsconsiderthe bladesurfaceshapeasby a third degreepolynomial.

A similardevelopmentassumingthe surfaceshapeasby a seconddegreepolynomialgivesthe

followingequationfor the inlet referredwidthcf the captureband:

F(O)L/_..= 2Kc2(e-I/Kc-I) + 2Kc (16)

F(O)L/_'= 2K : K <.05 (16a)C C

where K isasbefore.
C

Equations15aand 16are plotted and shownin figure 3A-1.

Thecalculationof figure C-11 (PartC, Volume II) collection of dropson the concave

sideof the ninth statorblade, is illustratedby the followingcalcul'_tionof a curvepoint:

Moisturedropsize: .4p radius - 1.311 x 10-6 f radius

= P-S2 4, = 2.4x 10-7p-s/f 2 V = 456f/sFluid properties:PL 1.935 /f Hs ' a

Bladegeometry: W = .715f, _ = .566f, S = .485f

Inertia parameter:

2
24 CD 2PLT Va

K - = 00445
c CDRe CD, slip flow 9HsW "

when:

24
- 1, assumingStokes' lawdrag

_'D Re

CO
= 1/.44 = 2.275, (figureC-6, PartC, Volume II)

_'D, slip flow
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The bladesurfaceshapein this instanceiscloselyapproximatedby the averagebetween

a 2 c_nd3 degreepolynomial. Hence, the referredefficiency isspecifiedby the averagecurve

value, figure3A-1, or by the averageof equations15band 16a:

F(o),/_ 5K = .0111 .
h. C

The inlet width of the capturecurve (figure C-11, PartC, Volume II)

_"= (F(O)L/_) _ = .00629f

Theportionof dropscollected with respectto the total numberapproachingthe blade is the

ratio of the bandwidth to the bladepitch.

Portion = _"/S = . 013.

Referringto figure C-11, (is, portion) = (.4, .013) is a point on the curve.

3O
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APPENDIX 4

COMPUTERPROGRAMSUSED"IN CALCULATION OF MOISTURECONDENSATION

AND DROPLETTRAJECTORIES

J. D. Milton

INTRODUCTION

In the past three yearsmuch interesthasbeengeneratedin the solutionof differential

equationsby digital simulationtechniques. Digital simulationmakesavailable to the user
I

of highspeeddigital computersthe easeand flexibility previouslyassociatedonly with ana-

log computers. Essentially,a digital simulationcodeeliminatesthe laborious"bookkeeping"

taskof trackingall phasesof the calculation andproperlyupdatingall variables. Most

digital simulationcodes(of which thereare over 30) solvedifferential equationsmerelyby

reading;n a block diagramor the actual equationsthemselvesin a properlycodedformat,

or "tell" the computerto integratea variable with respectto a singleindependentvariable.

Themasterprogramthen automatically setsthe independentvariable stepsize, the order in

which the calculationsare performed, integration, etc. Desiredchangesin the equations

beingsolvedor model beingsimulatedare easily accomplishedif sucha digital simulation

code isemployed. This isespecially importantin a researchprogramwhereflexibility isa

necessity,sinceby the usualdigital computerprogramingmethods,a relatively minorchange

can take severaldays.

Thus, the digital simu;ationmethodwaschosento simulatethe variousprocessesfor

whichno digital codeexisted. Five of the most"popular" digital simulationcodesinvesti-

gatedwere: MIDAS, MIMIC, DSL/90, SLASH, andANALOG-ALGOL. The latter code

waschosenbecausethe authors(at WestinghouseResearchand DevelopmentCenter) were

available for consultationswhenthe inevitableproblemsaroseduring the solution. The

quick (on the orderof 10m;nutes)turn aroundof the BurroughsB-5500computerwasalso

an importantfactor in the selectionof ANALOG-ALGOL.
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CONDENSATION AND DROP TRAJECTORY'CODE

Rather than reproduce a listing of the condensation and droplet trajectory codes, it was

believed that an abbreviated block diagram would be more informative, since the ALGOL

language (and especially ANALOG-ALGOL) is not in general use. Refer to Sections C and

D for the detailed nature of the mathematical equations being solved. The non,enclature

usedin each code is repeated for convenience in iti_erpreting the flow diagrams.

The block diagram for the condensation code is g:ven as figure 4-1 and the nomen-

clature in subsection4.4. The block diagram for the drop trajectory code is given as figure

4-2 and the nomenclature in subsection 4. 5.

RECOMMEN DATIONS

In the condensation program the droplets were arbitrarily divided into nine groupsbe-

cause of ease in programming. The existing programcould be modified without difficulty

to make a general procedure (or subroutine)so that any numberof droplet groupscould be

considered with only computer run time a factor. Although nine groupsare believed to be

adequate for our purposes,a capability of including more groupswould be very useful.

The droplet trajectory code could be extended to include stripping and disruption of

drops into smaller droplets. Combined with equations relating material damage and subse-

quent removal and turbine geometry, the computer could make direct calculations of turbine

erosion and thereby relieve the manual "interfacing" problems.

The digital plots in both the condensation and droplet trajectory codes permitted a

rapid view of resultswithout waiting for hand plotted results.

Theoretically, it is possibleto combine the condensation, collection of droplets, move-

ment of the moistureover blade surfaces, wake effects, primary atomization of droplets from

stators, droplet trajectories and secondary atomization, droplet impingement and material

removal into a single gigantic code which would give the amount of turbine blade material

eroded at any given position. Practically speaking, however, such a combination would

involve many man monthsof labor and thousandsof dollars of computer rime. Some codes

are in FORTRAN, others in ALGOL, and others in ANALOG-ALGOL. It is therefore
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,11

Q Declarahon of Array Sizes, Types, Labels,

Input�Output Format Define Which Voriables are Analog Variables"
Statements (;. e., Chunge with T;me)

i,

i --

.... OF.OELET " Co,cuo,. OTh,ssuN'outme Deletes Parameters R_;adin Data I Iwhlch are Used Inter,_ally in

which a_e Zero Valued so that they - IC_I e
are not Plott_d

I
W,;te Out Input Data plus S.lected Initialization of all TestFlogs, I QCalculated Constun's rLi' Yri' and N i to _.ero

Ii

Calculate: t, eL, A , Vv, X Calculate: rcrit, J, AT,,

ill

ClrL;
For i = 1, 2..., 9 the following are calculated: T'

f diLl dN.

G rL; : rJ-d_- dr, Wrl = 4/3 w(rLi) 3 P L' "_ =l,crit -_

Nrl = /dNri dr, Yr; = Nri" Wri

6 N° 9 dt _=dY= 0___I dTri,Y= I Yrl

b,ne geometry parame ers, d , r = _ d

rotor ,Sage

IC _dU° fdTv !
0 °,ou,°,.=_Uo.O°o.,_ _,._,.,v=__-,,.u,,...._ 0

,, Ui

jA,Os,reom,Cos,o.°,Co,,°.,.Wo,k,A,j.,°,.,.,.___

I y' dA, Y, X, dTv, GL, Yri' dYr;' Ni' dNri' rLl' and drL;

Plot Venu Log10 J, P. Tv, Uo, Ustream. rcrlt, & T,Y_

Q AxioIDIstonc': LOgl0rLi. LOgl0,ri. ondLo,10N, i _

Figure 4-1 Abbreviated Flow Diagram of Condensation Code (Much of the complex
logic has been deleted to improve readibility)
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_'_I Readin Data:U , e. ej, p,., ej valuesof¥/Y ,

vatues of O4, g, _imegste_, r_awimau.... her of o

Declarations of Parameters i'erationt _r time step, maximum number of _;me steps,
_ _o F;_ed or H_atin_ Po;nt retavive _nd absotut_ _har_ge tnlerance_, tobl_ Qf woke

_arameters of Y versus X und U/U versus X for botho. .
pressuresand suchon side, X s and_,f.

i

_ _,,,.ou,0°,o__0___x_v_,, ,.o.v°,o.o,x._,°._,.,°,._,o,.Va!ue of Y from Table of Yo versus X

$ o

Value of (U/UoJ _om Table of _J/U o) g
versus X

Vml _ Vg - v d

No_e: ott= 0, V.=0and Red= tg Dd CD-27'_ed _0"84
X = X (taken to beClo.375" for Vrel
Yank_ Turbine) Pg •

, _o

m

o_(dVd_) orSuct;o.!ide a_dVolue

2 of D_ and Y/Y for

Vd = dt d -- Vrel Col_latlom o i_

Co.verue,Time,X, U/U, Yo"Y' CD'
V d, Red, Wed

Y_es Note: X I should be selected greater
e_. _c_r.t ITovel dls_ce between
stator oral rot_r

[ I QFor Value of O_ and Y/Y foe Pressureand _,ction S_es,Plot Gm_ o_Xvs, t, _dVS" X, Redvt. X, We d vs. X, (Uo-Vd) VS. X

Figure4-2. SimplifiedFlowDiagramof DropletTrajectoryCode
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believed that effective "communication" between the hand calculations and the various com-

puter programsis still bestachieved by manual interfacing. Substantial amounts of e_,gineer-

;ng "insight" are involved which are difficult (if not impossible) to efficiently program into

a computer.

N OME NC LATURE

S),mboI Deft nit ion Units

A Crosssectional area normal to flow ft 2

A Crosssectional area normal to turbine axis ft 2
a

c Jet velocity relative to blade ft/sec

_'_ _ °_'°,- Sp.c,_lc h_at of vapor at constant pressure Btu/ib°R
Pv

CPL Specific heat of condensate at constant pressure Btu/Ib°R

D1, Dli, Dlo Inner diameter of turbine blade passage, inner
diameter at blade row inlet, at blade row exit ft

D2, D2i, D2o Outer diameter of _urblne blade passage, outer
diameter at blade row inlet, at blade row exit ft

g Gravitational constant 32.2 ft/sec 2

hfg Latent heat of vaporization P_tJ/Ib

hL Specific enthalpy of condensate Btu/Ib

h Spe¢4flc enthaipy of vapor Btu/Ibv

i Subscript denoting group of drops -

Jcrit Critica! nucleation rate nuclei/sec ft3

J Nucleation rate nucel/secl"' if3

k Thermal co_ductivlty of vapor Btu/sec ft°Rv

L Axial length of blade row ft

M Mach number of vapor -V
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Symbol Definition Units

N. Number of dropsper pound in group i Ib -1
I

P ._tatic pressure Ib/ft 2

P Saturation pressureat actual vapor temperature Ib/ft 2s

R Specific gas constant ft-lb/Ib°R

r Drop radius ft

rli Radiusof condensatedrop of group i ft

rcrit Critical droplet radius ft

t Time sec

tb Blade thickness in peripheral direction ft

tbo Minimum blade thickness ft

tbm Maximum blade thickness ft

tbs Blade spacing in peripheral direction ft

TL Condensate temperature OR

TLC Critical point temperature OR

T Vapor temperature °Rv

T Saturation temperature at the actual vapor pressure °Rs

AT Supercooling OR

Axial velocity component ft/secUa

Ustream Absolute stream velocity ft/sec

v Specific volume of mixture ft3/Ibm

v Specific volume of vapor ft3/ibv

w . Weigh_ of dropsof group i Ibrl
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Symbol Definition Unit.____s

x Vaporquality u

y Total moisturefraction -

Yri Moisturefraction of condensatebelongingto -
groupi

z Axial coordinate, along turbine axis ft

fl Bladeangle radiar,s

{_i Bladeangleat inlet to row radians

/_o Bladeangleat exit fromrow rc.dlans

A Logrithmicsupersaturation -

-1 ib-1v Rateof dropletformationperpound sec

u Kinematicviscosity ft2/sec
V

PL Densityof condensate Ib/ft 3

Qr, Surfacetensionof condensate Ib/ft

NOMENC LATURE

Symbol Defini4on U_ni_._.ts

CD Dragcoefficient -

Dd D_ameterof droplet inch

g Gravitational accelerationconstant in/sec2

_ed DropletReynoldsnumber u

t Time sec

U Gas velocity of wake at the point irV'sec
(X, Y)= V

g

U Gas velocity of Freestreamboundary in/sec

o at the point (X, Yo)
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Symbol Definition Ur,it_._ss

U/U Ratio of gas velocity in wak_ to free stream -o
gas velocity

Wed Droplet Weber number --

Vd Velocity of droplet in/sec

V Velocity of gas (steam) in/sec
g

Vre I Relative veloci ty irV'sec

X Length downstream of the trailing edge in.
of the stator

X Posit!on at which dro,olets are assumed to be in.
s accelerated

Xf Largest value of X for which calculations are made in.

Y Direction perpendicular to X in.

Y Width of wake at X in.o

Y/Yo Position of droplet in wake at X --

ISg Gas viscosity Ib/in. sec

,,. Density of droplet Ib/in.3
U

Density of gas Ib/in. 3Pg

=d Droplet surface tension Ib/in.
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